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HIS REVIEW, which will deal mainly with freely movable or diarthrodial joints, 
is divided into the following categories: 1) Development of joints. 2) Nerve 
supply of joints. 3) Properties and functions of joint tissues. 


DEVELOPMENT OF JOINTS 


Diarthrodial joints are found even in the jaws of the more primitive types of 
bony fishes (178), but ontogenetic studies of joints have been almost entirely in 
amphibian, avian and mammalian forms. In reptiles, there are only scattered observa- 
tions incidental to studies of other structures. It appears that in turtles, articular 
form is established early in embryonic life, before cavities appear (410, 411, 497). 


Development of Amphibian Joints 


Harrison (189) considered the limb buds of urodele embryos to be self-differ- 
entiating, equipotential systems. That is, they are self-differentiating because morpho- 
genesis proceeds by virtue of factors intrinsic to the limbs and they are equipotential 
since if a limb bud is removed, an entire limb may regenerate from mesodermal cells 
left behind in the limb field. Limb buds of anuran larvae appear to have similar 
properties (59), and according to Braus (47, 48) they can develop normally after 
transplantation. Banchi, who had studied normal development of amphibian joints 
(14) independently confirmed Braus’ findings (15). Braus subsequently found that 
the primary development of a limb, including its joints, is probably not dependent 
upon movement (51, 52). In the toad Bombinator, for example, neither spontaneous 
movement nor response to electrical stimulation appears until about the time of 
metamorphosis. Yet a larva, fixed while both types of responses were still absent, 
nevertheless had a normal humeral head and glenoid cavity. In his work with ectopic 
grafts of limb buds, he showed that a complete shoulder of one- to two-thirds normal 
size developed in the limb in its new location. He therefore concluded that the trans- 
planted shoulder girdle constitutes an equipotential system. 

Harrison’s experiments on urodele limb buds (189) were carried out on free 
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parts of limbs. Detwiler (96) showed that in Ambystoma punctatum embryos the 
separate parts of the shoulder girdle rudiment are already determined at a stage when 
the mesoderm destined to become the free limb is still equipotential with respect to 
the limb. This determination is established at the stage of open medullary folds, 
before limb buds are actually visible. Detwiler found that removal of a definite 
portion of the shoulder girdle rudiment resulted in a defect or absence of the portion 
of the girdle normally developing from the part removed. If a small area of cells from 
the dorsal half of the limb disc (which is practically free of girdle-forming cells) was 
transplanted, a new free limb developed, and obviously did so without being in- 
fluenced by the presence of a shoulder girdle. If the dorsal or ventral halves of the 
girdle rudiment were included in the transplant, complete free limbs but only corre- 
sponding girdle parts developed. If the central portion of the girdle rudiment was 
included, a girdle of about one-third normal size formed. These results led to the 
conclusion there is a mosaic pattern in the girdle region. 

Determination of form and orientation of limb buds is not simultaneous but is 
achieved in successive stages. From a study of various kinds of limb bud transplants, 
Harrison (190) found the antero-posterior axis to be determined before the dorso- 
ventral and medio-lateral ones. He suggested, and Needham (363) has also con- 
sidered, that such changes are really the development of a complex rigidity in which 
intra- and extracellular elements become irreversibly oriented along fairly inde- 
pendent axes. 

Swett (474), by staining with Nile-blue sulfate, was able to follow the develop- 
mental course of limb bud cells and confirmed Harrison’s findings. Not all of the 
potentially limb-forming cells actually enter the limb. Later (475) he studied the 
potentialities of growth by dividing limb rudiments before they were visible ex- 
ternally, and also by dividing early buds after they became visible. There was re- 
duplication of the limb in over go per cent of the cases. The doubling exhibited by 
the skeleton was not, however, necessarily proportional to the amount of doubling 
visible externally. Further experiments, particularly with heteroplastic grafting 
(191, 192, 439), emphasized that the form, growth rate and ultimate size of limbs are 
largely determined by the mesoderm of the buds and that these characteristics are 
retained when limb buds are grafted. 

It has been assumed that the capacity for self-differentiation applies to com- 
ponent parts of limbs, such as joints. A certain amount of experimental work bears 
out this assumption. Cartilage, bone and muscle may differentiate normally in the 
absence of nerves (187, 49). Transplanted limbs usually acquire nerves (188), but in 
Braus’ material (49, 51), accessory limbs which sometimes developed in addition to 
the primary ones lacked nerves and yet their shoulder joints were normal in appear- 
ance. It frequently happened that the shoulder girdles of the primary limbs were 
subnormal in size (with small glenoid cavities), but the free parts of the limbs were 
normal (with relatively large humeral heads). Each component had obtained a 
normal form in the presence of a disparity of fit which made mechanical interaction 
seem unlikely. Colton (75) described a frog with an extra fore limb, a limb which 
lacked muscles and was devoid of sensation. Yet a fairly normal skeleton was present, 
with a shoulder joint and an indication of a joint at the elbow. The possibility that 


April 1950 PHYSIOLOGY OF MOVABLE JOINTS 129 


differential growth rates exerted a mechanical influence on the development of the 

limb in this case of course could not be ruled out. Nor could such a possibility be 

excluded in the experiments of Hamburger (181) who found that paralysis following 

complete denervation did not prevent the almost normal development of the limb 

skeleton of frogs. Detwiler and Vandyke (97) likewise found that deafferented fore 

_ limbs of Ambystoma underwent a normal differentiation, although showing a marked 
atrophy. 

While a limb can self-differentiate, the intrinsic forces responsible for the develop- 
ment are unable to maintain perfect structure. In Hamburger’s (181) experiments, 
size was reduced, as Detwiler and Vandyke (97) also found, and sometimes joints 
were fused. It is possible, of course, that such fusion was not secondary, but was a 
failure in primary segmentation. 

A question of considerable importance concerns the induction of limb buds and 
remains unanswered. Needham (363) has pointed out that there is no obvious source 
of the induction. Balinsky (12) used side plate mesoderm as a site for transplantation 
of ear vesicles in attempts to induce auditory capsules and found that supernumary 
limbs were produced over the transplanted vesicles. In one case (13) a supernumary 
limb developed after the implantation of a small piece of celloidin. The results suggest 
that evocator is released, but little is known of the nature of this substance, about the 
factors responsible for its normal release or of the manner in which it influences 
subsequent development. As a matter of fact, little is known about any of the bio- 
chemical changes in the limbs during the period of growth and differentiation, even 
during metamorphosis which has been investigated so extensively. 

The growth potentialities of later developmental stages are of considerable 
interest. In view of the girdle defects which Detwiler (96) produced in embryos, it is 
remarkable that in larvae of Ambystoma punctatum, both partial and complete re- 
moval of the cartilaginous shoulder girdle are followed by more or less complete 
restitution (476, 477). Still more remarkable regeneration has been demonstrated in 
adult amphibians. The references to experimental work on regeneration are covered 
by Spemann (458) and by Weiss (506). Following amputation of a limb, a regeneration 
blastema forms from injured tissue (485). Muscle and connective tissue, but not 
epidermis, take part. New structures, including skeleton, develop from these cells in a 
manner similar to embryonic limb formation, with certain important differences. 
Regeneration depends upon the presence of a nerve supply (416), however more 
upon quantity of fibers than upon any specific fiber system. Nerves apparently cause 
or aid the course of dedifferentiation and also support growth without premature 
differentiation. The stump controls the character of the regenerating limb. That is, a 
fore limb stump in a hind limb field gives rise to a fore limb, much as a transplanted 
limb retains its own characteristics. If the blastema of a stump is transplanted 
when quite young, it may become resorbed and the site of transplantation then 
occupied by regeneration of a normal local structure. This is not then a shift or re- 
versal of presumptive fate. Individual parts, such as skeleton, usually do not re- 
generate in the adult. Thus, if a humerus is removed it ordinarily is not replaced. 
But if the limb is then amputated through the arm, a blastema forms and distal parts, 
including skeleton, regenerate, but the proximal part of the humerus usually does 
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not. This may, however, depend upon age, since Thornton (485) has shown that in 
younger animals, the humerus may partially or completely regenerate, depending 
upon the quantity of blastema. It has been shown by Schotté and Harland (435) and 
by Forsyth (129) that during the larval period and early metamorphosis there is a 
gradual reduction in capacity to regenerate. Spemann (458) has discussed fully the 
complexities of development and regeneration and both he and Weiss (506) point 
out the necessity of distinguishing between results of experiments involving different 
developmental stages. 


Development of Avian Joints 


The results of experiments on avian material indicate that the primary develop- 
ment of limbs is a self-differentiating process, and that a mosaic pattern forms more 
rapidly than in amphibians. 

Johnson (227) described the development of the pelvic girdle and skeleton of the 
hind limb of the chick. She pointed out that the first trace of skeletal parts appears 
on the 5th day, and that the parts of the girdle in the immediate region of the limb 
appear first. She provided no specific discussion of joints. Kazzander (234) described 
the development of the knee joint of the chick, with emphasis on the patella. 

Spurling (462) removed posterior limb buds of chick embryos and in no case 
found regeneration. In one experiment, however, the right leg bud was left in the 
shell after amputation. Sixteen days later a normally formed limb of about one-third 
normal size was found attached to the abdominal wall. Presumably a transplantation 
had resulted and a limb of normal shape had differentiated. Apparently some meso- 
derm had been left behind, because at the stump, portions of the pelvic girdle had 
formed. The girdle region at the time of removal is therefore not equipotential since 
there was no attempt to form a complete girdle. 

Murray and Huxley (356) found that highly differentiated and easily recognized 
femurs developed in chorio-allantoic grafts of basal fragments of the posterior limb 
buds of four-day chick embryos. The mosaic pattern was apparent since, if each 
piece had been equipotential, an attempt at formation of an entire limb would have 
resulted. Murray (353) supported the view expressed previously (357) that the limb 
buds of chicks from three days onward are self-differentiating systems which become 
progressively organized into a mosaic pattern. This was apparent from the fact that 
fragments of buds differentiated to form only those structures or regions which they 
would normally give rise to. That is, a fragment of a femur area did not form the 
complete bone. Selby and Murray (442) showed the limb bud to be a self-differentiat- 
ing mosaic transversely as well as longitudinally. Murray (354) studied chorio- 
allantoic grafts of lateral fragments of two-day chicks (from the anlage of the posteror 
limb) and concluded that the anlage is already determined at this stage. Fell (117, 
118) showed that the avian wing bud and sternum are also self-differentiating systems 
and Fell and Robison (121) further illustrated capacity for self-differentiation by 
growing in watch-glass explants isolated femurs from 53-day and 6-day fowl embryos. 

Murray and Selby (359) argued strongly that the principal factors regulating 
the primary development of skeletal form are intrinsic in the developing skeletal 
segments. In other words, these intrinsic forces, whatever they may be, provide the 
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rough model. They recognized, and stressed, the importance of extrinsic forces in 
molding and perfecting the form necessary for functional efficiency. The emphasis 
apparent in this paper resulted from the work published by Carey (62, 63) and by 
Carey, Zeit and McGrath (64). Carey sharply rejected data not supporting his own 
thesis that formation of articular surfaces is the mechanical result of differential 
growth, caused by the resistance of undifferentiated tissue in the region of the joint 
to the expansion of more rapidly growing centers of chondrification. The first two 
papers were based solely on microscopic examinations of mammalian material. In the 
third, it was reported that following removal of patellae of puppies, regeneration of 
the patellae occurred, providing a mobile knee joint existed. It was again asserted 
that dynamic growth processes and mutual interactions were responsible for the 
formation of skeletal parts. In this paper, Murray’s (353) work was misinterpreted 
and Colton (75) was misquoted. Pertinent experimental data, such as that of Braus 
(51), were overlooked. Niven (369) found that when the mesenchyme which would 
later form the patella was removed from chick embryos at 7, 8, and 9 days and 
cultivated in vitro, that cartilage developed. In the 9-day and some of the 8-day 
embryos this cartilage had the general form of the normal patella. The mutual 
interactions necessary according to Carey’s theory were not present. To the extent 
that a different process may be involved, Carey, Zeit and McGrath’s work is not 
necessarily invalid. It should be emphasized that they were dealing with postnatal 
growth in mammals and that it does not follow that this can be completely equated 
with prenatal growth in either mammals or amphibians, any more than limb re- 
generation in adult amphibians can be compared directly with the primary develop- 
ment of limbs in embryos. Similar complexities arise in connection with bone. Recon- 
struction of the architecture of bone in response to altered mechanical conditions is 
common knowledge, but the primary attainment of that structure is mainly the 
result of a self-differentiating process (45, 355). 

Warren (501) divided avian wing buds and found that each half developed in a 
restricted fashion. He pointed out that there is a progressive segregation of discrete 
areas within the limb forming mesenchyme as the morphological age of the wing 
bud increases. Fell and Canti (116, 120) studied the development 7 vi/ro of the avian 
knee joint. Their methods included watch-glass transplants of limb buds so that 
host influence was eliminated so far as possible. They described the axial condensa- 
tions in the posterior limb bud, and the subsequent centers of chondrification. This 
chondrification spread across zones of future joints as very young cartilage 
matrix. Certainly in these experiments it is clear that a layer of non-chondrogenic 
tissue across the line of a future joint was not the cause of joint formation. They 
found that when a whole limb was explanted a joint developed, but that when pre- 
sumptive knee joint tissue was explanted without neighboring shaft tissue, only a 
single piece of cartilage without a joint developed. By a variety of experiments the 
lack of a rigid mosaic was shown. A general region, including presumptive joint tissue 
and a certain amount of neighboring shaft tissue, was necessary for the formation 
of a joint. Mosaic zones appeared to be separated by relatively non-specific zones 
without sharp demarcation. Such transitional zones varied in potentiality since a 
joint could be formed distal to the femoral condyles, with the incorporation of 
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tibial material resulting in abnormally large femoral condyles. Murray has discussed 
these and many other phases of skeletal development in his excellent book on bones 
(355)- 

Hamburger (182) provided further data on limb development from experiments 
designed to remove limitations of chorio-allantoic grafts and watch-glass explants. 
He transplanted limb primordia of 2-day chick embryos to the flanks of host embryos 
or into their intra-embryonic coeloms and found that the primordia have a self- 
differentiating capacity. Normal limbs formed, but their growth rates were reduced. 
The primordia were determined as to ‘wing’ or ‘hind limb’ quality and their antero- 
posterior and dorsoventral axes were likewise determined. 

That intrinsic factors can carry a limb to a high stage of development but 
cannot maintain it, was shown by Hamburger and Waugh (183) in experiments on 
the development of nerveless wings and legs. Differentiation to a remarkable degree 
resulted, but primary and secondary fusions commonly occurred. Similar fusions 
had been reported by Fell and Canti (120) and by Warren (sor). The latter felt that 
such instances were not secondary, but represented a failure in segmentation. 

The possibility should not be overlooked that other than intrinsic factors may 
be operative in the various experiments which have been cited. Holtfreter’s classic 
experiments on evocator showed its widespread distribution in both embryonic and 
adult tissues (213, 214, 215, 216). Even tissues normally non-inductive may acquire 
that power after various treatments such as heating. Also, the differentiation of 
tissues is correlated with the acquisition of inducing power. It is quite possible then 
that evocator in chorio-allantois, in intra-embryonic coeloms and even in explant 
medium, induces limb development to the point of differentiation at which time 
intrinsic organizers become active. Just as for amphibians, no extensive biochemical 
studies have been made of the period of functional differentiation. The biochemical 
correlates of increasing mosaic formation are unknown. Some general histochemical 
studies have been made, such as thoseon phosphates in developing limbs (121). Horning 
and Scott (217) used microincineration to study the inorganic salts during embryonic 
development of the chick. V. Weel (505), by histochemical methods, followed fat 
and ascorbic acid content in the limb bud of the fowl during its early development. 
Recently Nowinski and Edwards (370) provided data on the decrease in respiration 
in developing limb buds of the chick embryo. But none of these papers contain 
specific information about joints. 


Development of Mammalian Joints 


Experimental work on the primary development of mammalian limbs is rela- 
tively scanty and what there is rarely deals with joints. A series of papers on rat and 
rabbit embryonic tissues (208, 312, 365, 495, 503, 504) indicates that determination 
and differentiation are basically similar to those in lower forms but technical diff- 
culties have so far prevented comprehensive study. Nicholas (364) showed that 
regeneration did not follow amputation of developing limbs in rat embryos. Willis 
(509) demonstrated that when femurs (about 1 mm. long) were removed from 15-mm. 
rat embryos and implanted into brains of 6-week rats, fully formed femurs about 19 
mm. long developed over a period of 9 weeks. Willis (510) has also reviewed the 
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subject of tissue grafts and transplantations. In Streeter’s (471) recent discussion of 
developmental horizons in human embryos, he indicated that the skeletal or blastemal 
bed must be accredited as the chief regulating agent in the shaping of bones. 

In spite of the information which has been obtained by experimental means, there 
are many phases of development which are of equal importance and which have been 
investigated almost solely by microscopic methods. The development of specific 
parts of joints is a case in point. 

In man and other mammals, the initial course of events is similar to that 
observed in lower forms. Shortly after the appearance of limb buds, axial condensa- 
tion in the mesenchyme forms a blastema which, with the onset of chondrification, 
becomes segmented. In the regions of future joints, the blastema persists and becomes 
thinned to form homogeneous discs or interzones. As Bernays (33) pointed out in his 
classical paper, the form of a joint is rapidly established and comes to resemble that 
of the adult before cavities appear and before concerted muscular activity seems 
likely. He described the differentiation of the homogeneous interzones into three- 
layered structures and argued that the outer portions, those immediately adjacent 
to regions of chondrification, are actually chrondrogenic. So far as morphological 
changes are concerned, many investigators have confirmed Bernays’ findings (16, 
144, 160, 174, 179, 205, 235, 265, 310, 316, 436, 437, 470). 

Interzone, perichondrium and synovial mesenchyme. The blastemal interzone has 
been held to be the source of all articular structures and such a veiw is expounded in 
current textbooks of embryology. Hagen-Torn (175), however, considered the joint 
capsule to arise from general mesenchyme rather than skeleta] blastema. According 
to this concept the formation of the joint capsule renders a portion of general mes- 
enchyme intra-articular in position where it gives origin to synovial tissue. Haines 
(179) in his discussion of the development of joints arrived at similar conclusions. 
He considers the course of events to be as follows: The homogeneous blastemal inter- 
zone becomes three-layered as an intermediate loose layer forms. The outer portions, 
those on each side of the loose layer, are chondrogenic in the sense of Bernays (33). 
Very early, even before the cavity appears, a condensation in general mesenchyme 
near the joint forms the anlage of the joint capsule. Thus, part of the general mes- 
enchyme is cut off to become intra-articular in position and continuous with the 
blastemal interzone. This tissue, which Haines terms synovial mesenchyme, differs 
from blastemal tissue in its more irregular structure and in its vascularity and most 
of the joint ultimately develops from it. The formation of a capsule likewise renders 
part of the perichondrium intra-articular in position and continuous with the chon- 
drogenic part of the interzone. At no time, however, does a typical perichondrium 
cap the articular ends of developing bones. 

Recent work (144, 160) supports Haines’ views, with certain reservations about 
the role of the joint capsule. The development of an interphalangeal joint is easier 
to follow than that of a more complex joint such as the knee where the capsule is 
much more variable in both time of appearance and location than Haines apparently 
believed (160). Others have noted similar variation (265, 316). In the hip and elbow 
a capsule is more consistently present (144, 161), but there are nevertheless regions 
in these joints where it cannot be found at a time when cavities and synovial tissue 
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are present. The fact that joints grow rapidly and in so doing acquire vascular mes- 
enchyme by inclusion offers a plausible explanation. This process could be aided by 
continued vascularization and by proliferation of connective tissue. Further support 
for the view that joint capsule and synovial tissue are extra-blastemal in origin is 
offered by the course of development of the tendon of the long head of the biceps 
brachii muscle. This tendon develops in situ. It does not migrate through the joint 
capsule in the course of its development (362). From its inception it lies in extra- 
blastemal tissue and capsule and synovial tissue can be observed to develop around it. 

Other changes which remain unexplained are discussed more fully by Gray and 
Gardner (160). They agree with Haines that blastemal discs contribute relatively 
little to the final form of the joint. These discs are primarily chondrogenic. They 
disappear shortly after articular form is established, following which growth continues. 
from intrinsic mitotic activity (108) and by addition from intra-articular perichon- 
drium. Whether the blastemal discs are actually young cartilage remains to be deter- 
mined. Fell and Canti (120) considered them to be so. In human sternochrondral 
joints there is cartilaginous continuity between ribs and sternum before cavities 
appear (155, 159). A blastemal disc does not, however, have to be present in order 
for a joint or part of a joint to form. At no time is such a disc present between the 
femur and patella; loose mesenchymal tissue fills the interval before cavitation 
begins (160). 

1. CAviTaTION. Cavities begin to form in the larger joints at about 8 or 9 weeks 
when articular form is well established. Schulin (436, 437) was one of the first to 
point out that cavitation usually begins at the periphery of a joint. Subsequently, 
Retterer (399, 400, 401) described the transformation of connective tissue leading to 
cavity formation and synovial fluid. In the smaller joints of the limbs, and in others 
such as the sacroiliac and sternochondral joints, cavitation may be delayed (159, 160, 
179, 438). The first spaces are small, irregular and crossed by strands of cells. They 
coalesce and the single cavity thus formed increases still further in extent, both abso- 
lutely and relatively, with respect to the whole joint. This is an extremely active proc- 
ess, one which involves not only cavitation but proliferation of lining tissue as well. 
Some (310, 498, 508) have argued that once cavities have formed there is a secondary 
fusion of articular surfaces, but more recent studies (160, 179) indicate that such 
findings are probably the result of preparation artifacts. 

Experimental studies of lower animals have shown that cavities can form in the 
absence of movement. It can only be assumed that a similar independence exists in 
mammalian joints. Blincoe (35) found that just before muscular movement begins in 
the rat fetus joints are developed but lack cavities. Nevertheless one is not justified 
in relating simultaneous onset of movement and cavitation as cause and effect. 
Mechanical factors resulting from differential growths, such as postulated by Carey 
(63), may be involved, but there are many regions where such factors could hardly be 
important. The tissue between the patella and femur, and around the cruciate liga- 
ments, is loose and irregularly arranged, yet cavitation may begin in such tissue as 
soon as or even before that in other parts of the knee (160, 265). A number of deep 
bursae form in loose tissue even before joint cavities are well developed (144, 160, 
239, 351). It must be concluded that the factors responsible for cavitation are un- 
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known. A clue is offered by the fact that the basic change observed in microscopic 
studies is a liquefaction or dissolution of the ground substance or matrix of connective 
tissue with relatively little involvement of cells, a point emphasized by Langer (265). 
This naturally suggests the possibility that mucolytic enzymes are attacking the 
ground substance. The necessity for histochemical and biochemical studies of this 
and other phases of joint development cannot be overemphasized. 

2. FORMATION OF INTRA-ARTICULAR STRUCTURES. Such structures as menisci, 
cruciate ligaments and ligamentum teres develop in situ from synovial mesenchyme, 
in the form they will have in the adult. The various theories which have been ad- 
vanced to explain their origin are discussed in recent papers (144, 160, 179). A number 
of investigators have postulated that these and other structures go through, either 
partially or completely, developmental phases similar to those of lower forms (94, 
203, 440, 406), but none has provided adequate microscopic studies. The differentia- 
tion in situ of menisci in their normal shape has been described by a number of in- 
vestigators, most recently by Naves (361) and Gray and Gardner (160), although 
Moll (348) has ascribed their origin and that of the cruciate ligaments to the blastema. 

From 8 or 9 weeks onward, what Bernays (33) termed the stage of completion 
takes place. The characteristic patterns of maturation of the human knee, hip and 
elbow joints have recently been described (144, 160, 161). Vascularization of epi- 
physeal cartilages begins by 11 to 13 weeks. The cartilage canals ultimately pervade 
the epiphyses except for those parts which will become articular cartilage. Such 
vascularization, however, is a characteristic feature only in larger animals (176) and 
it long precedes epiphyseal ossification. Haines (176) suggested that the basic process 
is a passive inclusion of vessels and associated tissues as the cartilages grow. Hurrell 
(221), however, argued in favor of an active process but Haines (177) has held to his 
original thesis. The microscopic appearance is that of an active process, with dissolu- 
tion of cartilage matrix (160). Furthermore, increase in number of canals, together 
with formation of branches and communications, occurs within cartilage itself 
during the fetal period. Such changes could hardly be passive. If the process were 
passive, one would expect inclusion at much younger ages and in all animals. Just as 
in cavitation, one should consider the possibility that mucolytic enzymes capable of 
attacking cartilage matrix are being formed. If so, a cartilage such as the patella 
would be particularly advantageous for biochemical and histochemical studies of this 
vascularizing process. 

One of the outstanding histological features of the stage of completion is the in- 
crease in amount of collagenous fibers. Those in ligaments and tendons align them- 
selves with their definite derivatives from the first and their parallel course and regu- 
lar arrangement differentiate them from the irregular arrangement of fibers in the 
joint capsule. It is interesting that structures said to be composed of fibrocartilage in 
the adult may be entirely collagenous in the fetus. Thus, the menisci of human fetuses 
lack fibrocartilage (160) and according to McDermott (316) are entirely collagenous 
during the first three postnatal years although McMurray (327) found islands of 
cartilage cells in the menisci of newborns. Likewise, the glenoid labrum of the hip 
joint is said to be entirely cartilaginous at term (9), but Gardner and Gray (144) were 
unable to confirm this. In some joints, such as the sacroiliac, fibrocartilage is present 
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during the fetal months (438). According to Vinogradoff (493) the disc of the human 
temporomandibular joint contains no cartilage at birth, and Robinson (408) stated 
that it is entirely collagenous in the adult. But Lema (270) reported that cartilage 
cells are found even in the newborn and that they increase in number with age. The 
factors responsible for the inception of fibrocartilage are unknown. In the sterno- 
chondral joints following birth, fibrocartilage may ultimately form in amounts suffi- 
cient to entirely occlude their cavities (159). 


General Considerations 


Most of the experimental evidence indicates that neither growth pressures nor 
movement are essential in the primary development of joints, and yet this concept is 
contrary to the views ordinarily expressed about the efficacy of function and of 
mechanical interaction in such matters. Henke and Reyher (201) denied the role of 
growth pressures and believed movement to be the factor which determines articular 
form. Bernays (33) emphasized that the form of the joint resembles that of the adult 
before cavities appear and before concerted muscular activity seems possible. He did 
not deny, however, the possible importance of muscular activity in altering or 
moulding articular form during the stage of completion. Schulin (436, 437) agreed 
that muscular activity does not determine articular form but believed that it causes 
cavitation. Fick (122, 124) reported that when gypsum blocks are rubbed against 
one another, the attrition causes a change in form of the rubbed surfaces of a type 
directly related to the mechanics of the movement. He correlated such changes with 
forms of articular surfaces and muscle attachments. He did not claim that the form 
of joint surfaces is directly determined in the individual life history by the mechanical 
conditions resulting from the positions of muscular attachments. He felt that heredity 
plays an important role, but that joint form is nonetheless dependent on mechanical 
conditions and subject to alteration with change in function. Faldino (116) concluded 
that muscular force is an important primary developmental factor since no joint 
differentiates before its overlying tendons. Carey’s views (62, 63, 64) have been dis- 
cussed previously. Nauck (360) rejected the theories of differential pressures and 
postulated an equally tenuous one of limitation of extension. Recently, Brandt (41, 
42, 43) reported on the experimental reduplication of limb units in amphibians, which 
he stated to be the first which had ever been done, and held to the view that growth 
pressures were responsible for the development of the limb units. Yet it seems clear 
from experimental work that the primary development of joints is not dependent 
upon movement or pressures resulting from differential growths. Brandt (42), for 
example, had cited the faster growth rate of the head of the humerus as the factor 
inducing concavity in the glenoid portion of the scapula. But in many animals, such 
as birds, the concave glenoid area leads the humerus in development. In man, for 
example, the distal end of the radius is concave, yet it develops before the carpus. 
These facts led Nauck (360) to reject the role of growth pressures in the formation of 
joints. Urbantschitsch (489) and Hesser (205) pointed out that the malleo-incudal 
joint and its cavity develop typically while still embedded in relatively dense mesen- 
chyme. The tympanic membrane is relatively thick at this stage and the possibility 
of function is therefore extremely slight. The dangers of assuming causal relation- 
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ships may be illustrated by the following examples. Perforation of the operculum 
overlying the developing forelimb in the toad and frog would appear to depend upon 
mechanical rubbing by the limb, yet perforation occurs in the absence of the limb (50). 
Actually the process is a complex one (197); at least five factors are involved (363). 
These include perforation as a self-differentiating process, mechanical pressure of 
limbs, secretions of cutaneous glands, products of autolysing glands and thyroxin 
circulating in the blood. The facet on the talus of adults of certain primitive tribes 
is said to result from their characteristic habit of squatting; yet this facet is present 
in the fetus (516). 

It should be emphasized that movement is important in maintaining and mould- 
ing articular form when it is once established. Absence of movement may be con- 
cerned in the fusions commonly seen after cavities form in explanted or nerveless 
limbs (120, 183). Reduction in size is likewise common under the same conditions. 
Synovial sheaths with their cavities appear in the embryo (451) and have been held 
by Batson (18) to differentiate in response to function. He presented specimens in 
which limitation of mechanical factors was accompanied by failure of development 
of synovial sheaths. But this gives no information about primary development; 
secondary fusion rather than failure of differentiation may have been the main result. 
Extrinsic forces such as movement do not completely supplant intrinsic forces during 
fetal months. The degree of change in importance is unknown, but it may be less than 
is commonly supposed. Straus (469), in his study of the human foot, found that the 
fetal foot is at first not structurally fitted for an upright, terrestrial existence. Yet 
most of these ancestral characteristics are lost before birth. Function can hardly be 
of importance in bringing about such structural changes. Gruneberg’s work (166), 
while not directly applicable to joints, further illustrates the point. It is ordinarily 
held that continuous pressure causes absorption of bone, and that the pressure of a 
growing tooth germ leads to absorption of the bony socket. But in grey-lethal mice 
the stimulus is present but absorption does not take place. The factor intermediate 
between stimulus and response is ability to respond. This factor is on an hereditary 
basis and is lacking in grey-lethal mice. 

Postnatal changes in bones and joints following alterations in function or me- 
chanical conditions are too well known to need much emphasis. Wachter (494) 
altered the muscle attachments in the shoulder region of a rabbit, and opened and 
‘freshened’ the joint. A new joint formed, but the scapula bore the head, and the 
humerus the depression into which it fitted. Pseudarthroses are well known, and a 
remarkable example of formation of a radiohumeral joint of a cartilaginous nature, 
in the continued absence of a radius removed operatively in a rabbit, was reported by 
Wermel (507). New bursae may form under certain conditions, and have even been 
formed with cellophane (511). 

Adult and embryonic joints do not necessarily behave in the same fashion, and 
yet the differences are probably quantitative. There is undoubtedly a very complex 
interrelationship of a number of factors and the importance of each one probably 
differs for various growth stages. Angel (4) has pointed out that the form of the 
temporomandibular joint is as much related to a multiplicity of factors in the geneti- 
cally controlled facial pattern as to the few factors in the learned chewing pattern. 
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Genes and environment may act through the same direct mechanisms. Thus, muscu- 
lar action is an important factor but it is to a large extent determined genetically. 
It is apparent that the development of joints cannot be explained by relatively simple 
and artificially induced theories based upon directional stresses between areas of 
differing growth rates or upon stresses induced by movement. They leave too much to 
chance. It is to be noted that such theories have been based mainly upon data de- 
rived from microscopic studies. 

If the factors concerned in the development of joints are consistently present, 
but varying in degree of importance, then it should be possible to demonstrate the 
so-called embryonic factors in the postnatal period. Nothing but very indirect evi- 
dence along this line has been advanced for joints. Selye (443) reported that in young 
rats, with amputations above the distal epiphysis of the femur, new growth cartilages 
formed, at right angles to the shaft irrespective of the plane of amputation, and 
growth in length was renewed. The process was independent of pituitary growth 
hormone. Nunnemacher (371), however, found that of 20 rats operated on similarly 
before 16 days of age, only one showed a complete epiphyseal regeneration 67 days 
later. No articular cartilage was present. The results of a variety of experiments 
suggested that when regeneration does occur, it does so because some epiphyseal 
cells are left behind. In other words, the level of amputation is important; the closer 
to the epiphyseal plate, the more likely regeneration. He also transplanted epiphyseal 
cartilages and found growth and organization to continue. The facts suggested that 
the stimulus for organization lies in epiphyses themselves, with dependence upon 
growth hormone and adequate blood supply from the diaphyseal side. Lacroix (260, 
261, 262) also concluded that the organization of a skeletal component is under the 
influence of an organizer in the growth cartilage. That an organizer may be present 
is further indicated by experiments of Levander (275, 276) and Lacroix (262). The 
latter extracted cartilaginous epiphyses of young rabbits with alcohol and injected 
the extract into the thigh of another rabbit. Forty-one days later a large osteoma was 
found which in most respects resembled a growing, long bone. It is interesting that in 
spite of extensive destruction of terminal phalanges in man, incident to pulp infection, 
the phalanges may regenerate so long as the epiphyses are undamaged. None of the 
foregoing experiments and observations, except those of Nunnemacher’s (371), give 
any information about the extent to which articular surfaces may be involved in 
epiphyseal regeneration. 

Nunnemacher also transplanted joints and found that they continued to grow. 
The surface cells of articular cartilage became rounded. This indicates that their 
usual flattened appearance is probably the result of pressure and not of senescence. 


Postnatal Development 


There have been relatively few studies of this phase of development, other than 
those relating to changes in size and shape. Studies of specific parts of joints have been 
limited mainly to articular cartilage (23, 24, 28, 73, 74, 80, 279, 453). The effects of 
hormones upon skeletal growth are common knowledge, but recent reviews contain 
little about joints (147, 453). One of these (453) summarizes the results of studies on 
skeletal growth in mice and guinea pigs but so far as joints are concerned, only the 
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proximal articular cartilage of the tibia was studied. Anterior pituitary extract ap- 
peared to intensify growth and also to accelerate degenerative changes, whereas 
estrogen and other hormones seemed to decrease hyalinization of cartilage and also 
to decrease the incidence and severity of spontaneous degenerative changes. Hor- 
monal effects on other articular structures have seldom been studied, except in the 
case of the ligaments of the symphysis pubis. The relaxation of these ligaments in 
the guinea pig at parturition makes possible the delivery of the fetus. Todd (486) 
pointed out how frequently this phenomenon has been rediscovered. The animal must 
be under the influence of follicular hormone before the corpus luteum can induce 
relaxation (210, 211). In the non-pregnant animal, relaxation appears to occur at 
definite intervals corresponding to oestrus cycles (388). Ruth has described the 
metamorphosis of the pubic symphysis (423), as well as the striking vascularization, 
thinning and repair of pubic ligaments during and after pregnancy (424). 

Still other factors are of undoubted importance even though their specific effects 
on growth of joints have rarely been studied. Vitamin A is essential for activities of 
epiphyseal growth cartilages and in excess accelerates some normal growth sequences 
(513). In view of the possible regulation of bone growth by organizer in the epiphysis, 
Vitamin A assumes even greater importance. It is interesting that in experiments by 
Zilva et al. (521), one sow on an A-deficient diet gave birth to a litter of eight, of 
which seven had varying abnormalities of the hind limbs amounting in two instances 
to almost complete absence. 

The lack of data on postnatal changes in capsule, ligaments, synovial tissue 
and synovial fluid is a reflection of lack of knowledge about connective tissue in gen- 
eral. Until more is known of the metabolic changes which are involved in the normal 
formation and growth of connective tissue, it will not be possible to relate the effects 
of hormonal and other factors to specific joint components. 


NERVE SUPPLY OF JOINTS 
Gross and Microscopic Distribution of Articular Nerves 


Joint nerves were observed and described at least by the first part of the last 
century (81, 109), but the first systematic study appears to be that of Riidinger (421). 
He dissected the nerves to most of the joints in the human body and accounts in 
current textbooks often stem directly from his descriptions. Recently a group of 
Russian workers have published excellent studies on the gross distribution of nerves 
to knee, shoulder and hip joints (5, 152, 226, 428). Many articular nerves, however, 
are small and easily overlooked during dissection and it is impossible to determine 
intra-articular distribution with any certainty. This difficulty can be overcome by 
using fetal joints. For example, in 3 month old human fetuses the pattern of distribu- 
tion of vessels and nerves is similar to that of the adult and yet the joints are small 
enough to be sectioned serially. The nerve supply of the human knee, hip, shoulder 
and elbow joints has been studied in this way, supplemented by dissection of adult 
joints (138-142, 518, 519). 

Joints are supplied by branches which reach them, either directly or indirectly, 
from the nerves supplying the overlying skin and the muscles which move the joints 
(Hilton’s law, 207). There is considerable individual variation in the manner in which 


140 ERNEST GARDNER Volume 30 


nerves reach joints (99, 140, 232, 233, 266). Some articular nerves are inconstantly 
present, as, for example, the accessory obturator nerve. When present it supplies the 
hip joint and on rare occasions may also supply the knee (224, 382). When it is absent 
the region it supplies is innervated by the femoral nerve through its branch to the 
pectineus muscle (139). In spite of variation in origin, however, an articular nerve 
supplies a relatively constant region, overlapping areas supplied by other articular 
nerves (140). For example, the anterior region of the elbow capsule is supplied by the 
radial and musculocutaneous nerves and sometimes by the median nerve as well. 
It is of course clear that in view of both variation and overlap, section of a single 
nerve for relief of arthritic pain might very well fail to relieve the patient. 

The intra-articular distribution of nerves is more extensive than would be sup- 
posed from gross dissection. For example, branches of the tibial nerve supply not only 
the posterior region of the capsule, but also course anteriorly into the infrapatellar 
fat pad and also with blood vessels along the cruciate ligaments into the femoral and 
tibial epiphyses (138). There are also regional differences since certain parts of joints 
are more heavily supplied than others. Thus, in the knee, bundles of nerve fibers 
which have no definite relation with blood vessels are most numerous in the posterior 
region of the capsule. It is interesting that such regions in any particular joint are 
the ones most subject to compression or other deformation during movement. Com- 
parable regions in the knee joint of the cat contain endings which are proprioceptive 
in nature (136, 143). Most nerve bundles in joints are closely associated with blood 
vessels, and decrease in size as the vessels decrease. They accompany the vessels 
throughout the capsule, into synovial tissue and into neighboring epiphyses. 

Relatively few studies have been made of articular nerve distribution in other 
animals. The distribution of nerves to the knee joint of the mouse (135), cat (136) and 
dog (145) is generally similar to that in man. A number of articular nerves in the 
horse have been studied by dissection (153, 368). Taylor (482) refers to nerves supply- 
ing the knee joint of the frog which appear quite early in the development of the limb. 
Tello (483), stated that in 7-day chick embryos some joint nerves are completely 
indicated; one of the first arises from the posterior ischiadicus femoralis and supplies 
the posterior part of the knee joint. Sasaoka (432), in his study of fiber diameters in 
articular nerves in the cat, described briefly the major branches to each joint. In spite 
of the lack of data, it is not unlikely that the pattern of distribution of articular 
nerves is generally or basically similar in most terrestrial vertebrates. 


Termination of Articular Nerves 


In spite of numerous studies, certain features of articular nerve terminals re- 
main obscure. The obscurity seems to result, at least in part, from varying interpreta- 
tions of silver stained material. 

Complex endings. In Maximow and Bloom (313) it is stated that Pacinian cor- 
puscles are always present in joints. These endings, ordinarily termed Vater-Pacinian 
corpuscles by earlier investigators, were found along articular nerves by Cruveilhier 
(81). Rauber (394) counted them in various locations, especially around joints and on 
interosseous membranes. Nicoladoni (366) discovered arboriform nerve expansions in 
the knee joint of the rabbit. The illustrations he provided showed them to be quite 
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similar to the endings in dermis and joints described later by Ruffini (422), and 
by Sfameni (448). Krause (254, 255) described articular corpuscles in the synovial 
membrane of a human interphalangeal joint and noted similar ones in joints of other 
animals. He differentiated them from the classical Vater-Pacinian corpuscles, as did 
Gerlach (149). The drawing he provided was of a small, bulb-type ending. Rauber 
(395)argued that these were similar to ones which he himself had described previously 
and called them modified Vater-Pacinian corpuscles. Krause later (256) described 
various types of nerve endings, but was noncommittal with regard to endings in joints, 
stating only that they were end-bulbs. Hagen-Torn (175), in a careful microscopic 
study described non-encapsulated end organs in the fibrous capsules of the back and 
sides of the femoral condyles in the cat, rabbit and dog. Sfameni (448) carried out 
one of the most extensive investigations of this problem. He used the gold chloride 
method of staining and found no Pacinian corpuscles or Krause bulbs in joint capsule 
and synovial membrane. The complex endings which he did find were morpholog- 
ically similar to the Ruffini endings in dermis and closely resembled, as Ruffini (422) 
had pointed out, certain neurotendinous endings. Similar types of endings had 
been described by Nicoladoni (366). Regaud (397) summarized much of the previous 
work and concluded that the various corpuscles labelled Krause end bulbs, paciniform 
and Golgi-Mazzoni were fundamentally similar. Tello (483) pointed out that while 
joint nerves were easy to find in the legs of chick embryos, the nerve endings in the 
knee joint were difficult to distinguish and became increasingly so as development 
advanced. At the same time Pacinian corpuscles were remarkably numerous on the 
interosseous membrane. He did not actually describe or figure a joint ending. Fisher 
(126) observed end bulbs in certain villi. He stated that Nicoladoni (366) had de- 
scribed Pacinian corpuscles in articular capsules and himself observed similar endings 
in the anterior wall of the supra-patellar pouch. 

Gerneck (150, 151) used the Bielschowsky-Gros method in studies of the knee 
and shoulder joints in human fetuses and newborns, and in the horse, cat, dog, pig 
and frog. He did not state whether he used serial sections. He described end organs 
next to, or but a short distance from, the synovial surface. He also described nerve 
nets, end organs with or without a capsule near blood vessels, and end knots or loops. 
He did not state whether there were any species or regional differences and the illus- 
trations he provided were all drawings. Policard (387) summarized much of the exist- 
ing information on nerves to joints, basing his review to a large extent on that by 
Regaud (397). He described Pacinian, paciniform and Ruffini endings. Similar endings 
were described by di Molfetta (347) who found them unchanged by immobilization 
of joints. Simple end organs were found in the cat knee joint capsule (295), while 
Freyberg (134) reported Pacinian corpuscles to be present in fibrous portions of 
human joint capsules. 

Gardner (135) used the Bodian activated protargol method in studies of serial 
sections of knee joints of newborn and young mice and found complex endings in the 
posterior capsule. No Pacinian corpuscles were found, although they were plentiful 
in other regions, such as the periosteum of the lower part of the fibula. A similar ob- 
servation was made by Miskolczy (346), and the same region in the chicken (483) and 
man (394) is also heavily supplied with Pacinian corpuscles. Gardner also studied the 
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knee joints of fetal cats stained by the Bodian method (136) and supplemented this 
with staining of adult joint capsules with methylene blue. The findings were similar 
to those of Sfameni (448). Complex endings of the Ruffini type were consistently 
found in the posterior region of the capsule. Unpublished observations indicate that 
similar endings are present in other joints of the cat. Rather simple coiled end organs 
were also noted in association with the adventitia of blood vessels. The Ruffini-type 
endings were derived from the larger myelinated fibers in the joint nerves. These 
nerves resemble cutaneous nerves in their fiber spectrum (136). Some may be as large 
as 16 or 17 microns in diameter but the majority are smaller and form two overlapping 
groups ranging from 2 to 5 and 7 to 10 microns. The Ruffini-type endings are derived 
mainly from fibers in the latter group. Myelinated fibers associated with blood vessels 
are smaller in diameter. Pacinian corpuscles were not found in any of the sections 
studied. A similar comprehensive study has not yet been made for other joints of the 
cat or for joints in man. It has been shown, however, that in fetal human joints, 
Pacinian corpuscles may be directly adjacent to joints, but none were seen within 
joints (144, 160). Jeletsky (226) likewise described such corpuscles in the popliteal 
fossa of the adult, outside of the joint capsule. It is therefore likely that, as Davies 
(89) expressed it, Pacinian corpuscles are not a characteristic feature of synovial 
membrane. While their occasional occurrence in the outer portions of the fibrous cap- 
sule cannot be ruled out, it seems most unlikely that they are the predominant ending. 
It appears that confusion or discrepancies have arisen because of the occurrence of 
Pacinian corpuscles in the immediate vicinity of joints and because of the use of the 
term paciniform for other types of endings. Recently Samuel (429) examined cat and 
human knee joints and stated that he found all types of specialized endings previously 
described. 

Free nerve endings. Hagen-Torn (175) claimed not to have seen a non-myelinated 
fiber end in the synovial membrane, nor a myelinated fiber become non-myelinated 
and supply a vessel or the synovial membrane. Sfameni (448) found blood vessels to 
be accompanied by nerves but did not describe the endings. Gerneck (150, 151) de- 
scribed a ground plexus in the deep layer of the synovial membrane from which a 
second plexus arose and was distributed to the ‘cell-rich area’ (surface layer?) of the 
synovial membrane. He had difficulty in determining how the nonmyelinated fibers 
ended, but he nevertheless stated that in villi the fibers ended freely in the synovial 
surface. Oda (374) used the Cajal and the pyridine silver methods in a study of fetal 
joints of the mouse, rabbit and man. He described a capsular plexus from which non- 
myelinated fibers proceeded to the surface where they formed many dot-shaped, 
glomerular or net-like endings. He provided no illustrations. Sunder-Plassmann and 
Daubenspeck (473) claimed that nerve fibers in the synovial membrane form a true 
nervous terminal reticulum. Recently Freyberg (134) has mentioned free endings in 
synovial tissue. Samuel (429) found free nerve endings in the capsule and synovial 
membrane of cat and human knee joints and from a study of sympathectomized 
cats concluded that the synovial membrane has a substantial somatic nerve supply. 
He did not state what staining method he used. 

In material stained by the Bodian method (135, 136) free nerve endings were 
found in the articular capsule, especially at its attachment to articular margins and 
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also as terminals of the accessory nonmyelinated fibers associated with the Ruffini- 
type endings. Free endings were also found in association with blood vessels. Those 
related to smooth muscle arose from nonmyelinated fibers. Others were in adventitia 
and were derived from both nonmyelinated and myelinated fibers. In Bodian stained 
material, no instance of an undoubted free ending in the synovial layer was encoun- 
tered, except in close proximity to vascular adventitia. It would be rather surprising 
if synovial tissue were freely supplied with such endings, for it is not an epithelium 
in contact with the exterior but is a deep connective tissue in which endings, if pres- 
ent, would be scattered. Certain difficulties inherent in such studies should be pointed 
out. It is quite possible the Bodian method fails to impregnate all fibers; endings 
would then be missed. On the other hand, error easily results in the study of endings 
in connective tissue when stains which impregnate collagen are used. The methods 
used by Gerneck (150, 151) and Odo (374) are very liable to give heavy impregnations 
of collagen and reticulum. Furthermore, small connective fibers may resemble nerve 
fibers and when cut in cross section may resemble free nerve endings. Serial sections 
should be used so that possible endings can be traced to fibers coming from clearly 
identified nerve trunks. The precautions which should be taken in the interpretation 
of fibers impregnated with silver have been clearly stated by Green (163). 


Functions of Articular Nerves 


Experimental studies of articular nerves have been carried out mainly in the 
cat. Recent work has shown that conduction rates of myelinated fibers in nerves from 
the knee joint of the cat range from 10 to go or 100 meters per second (137). This is 
what would be expected since the fibers range from 2 to 16 or 17 microns in diameter. 
These myelinated fibers are A fibers and they enter the spinal cord over at least 
three and sometimes four dorsal roots. A comparable wide dorsal root inflow probably 
exists in man. These fibers, and the afferent nonmyelinated ones as well, upon entering 
the spinal cord, give rise to a collateral formation by which synaptic connections are 
made in the gray matter of several cord segments (146). Internuncial activity in these 
segments can be detected by the occurrence of cord potentials following single shocks 
to joint nerves. Collaterals from the larger myelinated fibers ascend in ipsilateral 
dorsal funiculi as far as the medulla oblongata. Maximum conduction rates in these 
fibers at levels of entry are go to 100 meters per second, but these rates decrease 
rapidly with the first few cranial segments. At thoracic levels they are but 40 to 60 
meters per second. Still further decrease occurs since at cervical levels the maximum 
rates are but 20 to 30 meters per second. Not much is known about other possible 
ascending pathways. Indirect evidence, to be discussed later, indicates that one of 
the paths is that for pain, the lateral spinothalamic tract. No specific evidence re- 
lating to conduction over spinocerebellar tracts has been obtained. 

With single shocks to joint nerves, reflex discharges occur over at least three and 
probably four ventral roots. These are multineuron arc discharges which, when strong 
stimuli are used, are complex and show considerable temporal dispersion (143). 

The available morphological and experimental data clearly indicate that articu- 
lar nerves contain fibers dealing with a number of functions. These may be tentatively 
arranged as vasomotor, vasosensory, pain and functions of complex endings. Other 
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possibilities will not be considered at present. For example, neuropathic arthropathies, 
such as Charcot joints, are said to result from denervation of joints. This may be 
but the role of joint nerves cannot be clearly defined since none of the clinical condi- 
tions causing these disorders confine themselves to joint nerves. And no experiments 
have been made whereby a joint has been denervated without affecting other struc- 
tures. Corbin (78) and Corbin and Hinsey (79) have shown that if a limb is immobi- 
lized after denervation by dorsal root section, few joint changes occur. 

Vasomotor and vasosensory functions. The pattern of innervation of articular 
vessels is basically similar to that of blood vessels elsewhere. Both myelinated and 
nonmyelinated fibers participate and, as Woollard (517) has shown, the former are 
afferent while the latter are both afferent and postganglionic sympathetic. The man- 
ner in which articular vessels are controlled, however, remains to be studied. It is 
interesting that temperature changes within the human knee joint may be the re- 
verse of those in the skin after application of hot or cold to the skin over the joint 
(218). Whether the sympathetic system through its control of articular vessels can 
influence functions of synovial tissue also remains to be determined. Engel (110, 111, 
112) claimed that sympathectomy altered the passage of dyes into the joint space 
but Cheng (68) was unable to confirm his results. Recently Reed ef al. (396) suggested 
that the maintenance of normal fluid and electrolyte balance in the joint cavity de- 
pends upon vasomotor control of the autonomic nervous system. These workers per- 
formed periarterial sympathectomies of the femoral vessels in dogs on the supposition 
that this procedure interrupted vasomotor discharges and led to permanent dilation 
of capillaries, presumably with damage to the walls and flow of transudate into the 
tissues. Subsequently they measured the x of the blood (femoral vein) and of 
synovial fluid in normal and operated sides following stimulation of the femoral 
nerve and various other maneuvers. Their experimental results showed consistent 
differences with respect to the rate of recovery of joint px in the resting period follow- 
ing stimulation. These workers had not, however, interrupted sympathetic fibers to 
the knee joint. As Woollard (517) and others (70, 345) have shown, such fibers in 
femoral adventitia extend only to the distal part of the artery. Thereafter vessels 
receive their supply by twigs from adjacent nerve trunks. In man, fibers from sym- 
pathetic ganglia can be traced along vessels to shoulder and hip joints (139, 141) but 
not to the knee or elbow. The vessels in the latter joints receive autonomic fibers 
entirely by way of the articular nerves (138, 142). In the cat and dog, all of the articu- 
lar nerves contain nonmyelinated fibers, many of which are postganglionic sympa- 
thetic (136, 145). Therefore perivascular stripping of femoral vessels affects only 
femoral vessels; autonomic fibers still reach the joint. Reed et al. (396) did not state 
what stimulus strengths were used. Strong stimuli could have activated intact vaso- 
motor fibers in the femoral nerve destined for the knee joint. The delay in recovery 
of pH on the operated side may well have been due solely to impaired venous return, 
consequent to surgical attack on the femoral vessels. No specific function of the 
autonomic nervous system in joint physiology was shown by these experiments. A 
more direct test could be carried out by stimulating joint nerves with stimuli strong 
enough to activate nonmyelinated fibers. No muscular action would result and the 
effects of vasomotor activity would not be complicated by extraneous factors. 
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The fact that free endings from myelinated and nonmyelinated fibers are found 
in vascular adventitia suggests that perception of painful stimuli may be their func- 
tion. Small arteries are more likely to be painful when punctured because they are 
more heavily supplied with myelinated nerve fibers (517). Bazett and McGlone (22) 
performed hundreds of deep punctures in human subjects and found that when a 
needle entered a small artery, as it commonly did, dull, aching, not easily bearable 
pain resulted. Reflex nausea was a common side effect. Not infrequently the symp- 
toms were intense. There seems to be no reason why puncture of articular vessels 
might not have similar effects. This possibility will be discussed in the section on 
pain. 

Myelinated fibers in vascular adventitia also form more complex endings which 
Woollard (517) showed to be afferent in nature. One can only postulate that they 
are perhaps sensitive to pressure or diameter changes in the vessels. 

Pain, Bichat (34) pointed out that the most effective painful stimulus to a joint 
is twisting or stretching. This implies that ligaments and capsule contain the sensitive 
endings. Since then, however, the experimental evidence relating to pain has been 
controversial so far as origin is concerned. Lennander (271) and Raszeja and Bille- 
wicz-Stankiewicz (393), for example, stated that synovial membrane is directly 
sensitive to painful stimuli while Nystrém (372) concluded that it is not. Leriche (272) 
and Brunschwig and Jung (58) reported that in severe sprains, intra-articular injec- 
tion of a local anesthetic is ineffective whereas a peri-articular injection may relieve 
the pain. Kellgren (237) pointed out that when an aspirating needle was driven into 
the cartilage of the femur or patella, a sensation of ‘tapping’ or ‘pressing’ resulted 
but whenever the needle impinged upon the lining of the suprapatellar pouch, the 
subject experienced severe pain ‘somewhere in the knee’. According to Kellgren, 
joint pain is in general better localized than that arising from fascial planes. Recently, 
McEwen (317), Smyth and Freyberg (456) and Freyberg (134) have discussed joint 
pain, mainly from clinical aspects. Davies (87) has declared synovial membrane to 
be directly sensitive and others (218) have found in measuring joint temperatures that 
when the thermocouple touched intact synovial surfaces, a strong, ill-localized pain 
resulted. 

There is no doubt that joint capsules and ligaments are sensitive to painful 
stimuli. It must be admitted that most evidence indicates that synovial tissue is also 
sensitive. But there is considerable doubt that free endings in the synovial membrane 
itself are concerned in the reception of such stimuli. First, there is no satisfactory 
evidence that synovial tissue is freely supplied with such endings or, indeed, that it 
has any at all. Second, stimuli which have been used have nearly always been crude. 
Needles are very likely to go through and enter the capsule. Electrical stimuli, which 
have been by inductoria, undoubtedly spread and could certainly involve capsular 
tissue with its contained nerves. It is known that small arteries and arterioles may be 
very painful when punctured or otherwise stimulated (22, 517). It is quite likely there- 
fore that stimulation of vascular nerves and endings, either in synovial tissue or 
capsule, accounts for the results reported by so many investigators. This seems the 


only explanation for pain resulting from puncture of bone marrow or cancellous 
bone (237). 


| 
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Whatever the mechanism of its production, pain is common in many joint dis- 
orders, it is severe and it has the deep, often sickening quality similar to that from 
muscle and other deep-lying somatic structures (282). It tends to be felt throughout 
a segmental area but with greatest intensity in the region of the joint (237). Upon 
injection of hypertonic saline into the lateral part of the knee joint capsule, pain is 
felt most intensely in the lateral part of the joint, but also to a lesser extent in an 
area extending from above the knee down to the ankle. Pain of lesser intensity may 
be appreciated only in the maximal area. Joint pain is often associated with slowing 
of the pulse, a fall of blood pressure and nausea (281). Experimentally this has been 
borne out to some extent. Jaroschy (225) electrically stimulated the joint capsule in 
rabbits. Respiration decreased at first, and blood pressure dropped, but alternating 
changes succeeded these. Electrical stimulation of menisci and ligaments produced 
marked effects on respiration and blood pressure but only after stimulation stopped. 
Mechanical pulling on ligaments caused an immediate slowing of respiration and rise 
in blood pressure. Raszeja and Billewicz-Stankiewicz (393) used respiratory and 
vasomotor changes as an index of response to painful stimuli. Gardner and Jacobs 
(145) found that strong electrical stimuli of articular nerves in barbitalized dogs and 
cats caused a temporary fall in blood pressure and variable effects on respiration. 

Referred articular pain is fairly common. A patient with a hip joint disorder, in 
itself painless, may complain of pain in a knee which proves to be normal. It would 
be interesting to know whether a single fiber may divide, with one branch going to 
the hip and the other to the knee. According to Kellgren (238) pain is better localized 
in the knee than in the hip. It is conceivable then that pain originating in the hip in 
the presence of the anatomical situation mentioned above might be referred to the 
knee. 

Painful joints are often associated with reflex muscle spasm. Payr (383) stated 
that hyperasthetic joint disorders may becharacterized by hypertonia with painful and 
spastic muscular contractures and fibrillations and severe bone atrophy. Tschmarke 
(487) produced local hypertonia in thighs of rabbits by injecting ether into the cavity 
of the knee joint. Novocaine injected into these joints abolished the hypertonia and 
in these and normal joints as well induced a prompt hypotonia. He found (488) that 
repeated novocaine injections produced a lasting hypotonia. Certain relationships 
between the site of pain and type of reflex response have been described (317). 
Levick (278), for example, pointed out that inflammation of the knee joint is com- 
monly accompanied by loss of tone in the quadriceps femoris and in particular 
the vastus medialis. When such patients walk, their knees may give way. Kellgren 
(238) stated that with pain from ligamentous or muscular strains, muscular wasting 
is slight or absent, but that in cases of synovitis of the knee, there is less pain but 
wasting of the quadriceps femoris muscle, with flaccidity and atonia, is conspicuous. 
In cases of disordered joint mechanisms and cartilaginous destruction, pain is more 
variable and there may be considerable wasting of all limb muscles. According to 
Obletz et al. (373) obturator pattern of pain is most common in chronic arthritis and 
that reflex flexion, adduction and external rotation is characteristic of such cases. 
Experimental work bears out the flexor responses in joint pain. It has been shown 
that in the cat single electrical shocks strong enough to activate the smaller fibers in 
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joint nerves are followed by strong reflex twitches in the flexors of the limb (143). 
Repetitive stimulation at similar intensities results in strong withdrawal of the limb 
and, in decerebrate cats, is accompanied by crossed extension. 

Not infrequently joint nerves are sectioned in order to relieve arthritic pam. A 
number of such operations have been devised (125, 233, 367, 373, 378, 480, 481), and 
Morin and Roasenda (350) have published a book on surgical approaches to articular 
nerves. Few if any articular changes resembling neuropathies follow such denerva- 
tions. Of course, existing pathology makes it difficult to tell whether such changes 
occur. It is interesting that local injection of articular nerves with novocaine may 
relieve arthritic pain and that such relief may last 36 hours to 3 months (114). 

As to possible effects of changes in atmospheric temperature, pressure or hu- 
midity on joint pain, no experimental work has been done. The validity of common 
beliefs on this subject seems not to be substantiated (456), although contradictory 
statements may be obtained from clinicians dealing with joint disorders (317). 

Functions of complex endings and their connections. 1. REFLEXES. There have 
been very few studies of reflexes mediated by larger myelinated fibers in joint nerves. 
Barnes (17) recorded potentials from sensory nerves of crustacean limbs while the 
joints of such limbs were being bent. Similar studies have not been made in verte- 
brates, although Gardner (137) recorded bursts of potentials over joint nerves follow- 
ing pressure with a glass rod on the back of the knee joint capsule of the cat. Adrian 
(2) recorded cerebellar potentials following various peripheral stimuli, among which 
were joint movements, but there is no way by which the contribution of joint nerves 
can be assessed in such responses. Reflex responses to electrical stimulation of articu- 
lar nerves have been studied in decerebrate and decapitate cats (143). In decerebrate 
animals, responses to stimulation of larger myelinated fibers were quite variable and 
often absent. When present they were usually flexor in nature, although the primary 
response in some instances was extension of the hind limb. In decapitate cats, how- 
ever, flexor responses were consistently obtained, even when such animals had pre- 
viously been studied as decerebrate preparations and irrespective of the type of re- 
sponse obtained while decerebrate. Even with stimuli slightly above threshold, multi- 
neuron arc discharges were recorded from at least three and sometimes four ventral 
roots, and from nerves supplying certain flexors of the thigh and leg. Other muscles, 
including flexors of the forelimbs, sometimes responded as well. How such reflexes 
function in the normal animal remains largely a matter of speculation. Partridge (381) 
has expressed the view that joint sense, for reflex limitation of motion, is by means of 
nerves in tendons and joints, their effects being to supplement muscle tone in protect- 
ing a joint. The results obtained from experiments on cats suggest that the reflexes 
operate in phasic mechanisms, such as locomotion. This would explain their partial or 
complete inhibition in decerebrate animals. The postulate is substantiated to some 
extent by the fact that complex endings are concentrated in regions most apt to be 
affected by movement. Arguing teleologically, one would expect flexion of the knee 
to stimulate these endings and lead reflexly to extension. But the primary response, 
at least in acute spinal animals, is flexion. The situation is further complicated by the 
fact that in some decerebrate animals the primary response was extension. Are there 
some endings, then, which are stimulated during extension? It might be possible to 
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answer these questions, at least in part, by recording potentials from joint nerves 
during movement of joints. As yet, nothing is known of the specific manner in which 
these complex endings are normally stimulated. The following mechanisms must be 
considered: Compression of joint capsule, particularly during flexion; tension in the 
joint capsule, either during movement or from tension changes in muscles connected 
with the joint capsule; stresses and strains set up in the capsule with pressure changes 
in synovial fluid or with movement of intra-articular structures such as menisci and 
synovial folds. It would help to know how the complex endings are oriented with 
regard to the direction of collagenous bundles and ligaments. 

Collaterals from the larger myelinated fibers ascend in ipsilateral dorsal funiculi 
to the medulla oblongata. Connections established by collaterals in the cervical region 
may be responsible for forelimb responses, although it is also possible that long spino- 
spinal fibers originating in the lumbar region may be implicated. 

Muscular exertion is more effective in increasing rate and depth of breathing 
than any other type of stimulus, and it has been suggested that reflexes from moving 
limbs are important in producing this hyperpnea (193). This is contrary to the results 
of the classical experiments of Haldane and his collaborators (180) which led to the 
conclusion that chemical changes in the blood stream are the most important factors 
regulating the rate and depth of respiration. Comroe and Schmidt (77) studied passive 
flexion in men, dogs and cats and concluded that the reflex changes which resulted 
were mediated by reflexes arising largely or entirely in and around joints. In a review 
of the subject, Comroe (76) minimized the role of CO, and emphasized the importance 
of reflex factors. Other workers (6, 8) reached similar conclusions. Later, however, 
Asmussen and Nielsen (7) reported limb reflexes to be effective only during light work. 
V. Euler and Liljestrand (115) argued for the necessity of a return to the hypothesis 
of direct chemical stimulation. They found that electrical stimulation of either the 
distal part of the spinal cord or of the hind limbs of cats and dogs was accompanied 
by a corresponding increase in ventilation, even after section of the spinal cord. 
Similar findings had been reported by Geppert and Zuntz (148). Recently, Bahnson, 
Horvath and Comroe (10) reported that reflexes elicited by passive movements can 
not be considered to play a significant role in hyperpnea of muscular exercise. Gardner 
and Jacobs (145) found that passive flexion of the hind limbs of cats and dogs was 
accompanied by variable changes in rate and depth of respiration but these changes 
could not be related to stimulation of receptors in the knee joint. Other types of 
stimuli, such as movements of the trunk of the type secondarily induced by the 
flexion, were also effective respiratory stimulants. Similar changes were observed in 
dogs whose knee joints had been partially denervated, particularly with regard to 
proprioceptive endings. Electrical stimulation of joint nerves affected respiration 
only when the stimuli were strong enough to activate the smaller fibers in joint nerves. 
Stimulation of just the larger fibers, those derived from the complex endings which 
presumably would be involved in such reflexes, had no effect on respiration. For these 
and other reasons discussed more fully by Gardner and Jacobs (145) it appears that 
there is no convincing evidence that reflexes from moving limbs are important in the 
production of hyperpnea during muscular exertion. Further studies have been made 
by Morgan and Grodins (349) who found a linear relationship between ventilation 
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and O2 consumption during electrically induced exercise of the hind limbs in intact 
dogs and in dogs after spinal cord section. Otis (377) found that passive movements 
of the limbs cause an increase in minute volume of respiration and also an increased 
O2 consumption. Such movements produced by external forces are therefore not en- 
tirely passive but lead to increased metabolic activity, probably as a result of reflex 
muscular responses. Otis showed the change to be sufficient to produce a ventilation 
increment of 100 to 150 per cent of the resting ventilation. 

2. SENSATION. Muscle-joint-tendon sense is said to be the quality by which we 
detect movement and recognize position. The evidence has been derived almost en- 
tirely from clinical studies. If joints do contribute, the pathway to the brain is most 
likely by the dorsal funiculi since lesions here may abolish position sense. This corre- 
lates with the fact that in cats, collaterals from entering articular fibers ascend in 
dorsal funiculi (146). Sherrington (450) pointed out that so-called muscle sense in- 
volves the recognition of position, of active and passive movement and of resistance 
to movement. But it is not known how much afferent impulses from muscles, tendons 
and joints each contribute. In Goldscheider’s classical study (156) it was found that a 
minute alteration in position, less than an angular degree, may be perceived at a 
joint. He found the proximal joints most sensitive. Movements of 0.2 to 0.4° were 
detected so long as the speed of movement was not less than 3° per second. Muscular 
tension is probably not of much importance in this regard, since the necessary liminal 
excursion was practically unaffected by the initial position of the joint. In all such 
tests, endings in skin, subcutaneous tissue, fascial planes, muscles and tendons are 
stimulated as well as those in joints. As elicited by the ordinary clinical methods of 
testing, this sensory quality must be considered as a complex rather than as a primary 
modality. According to Sherrington (450), touch is not essential. Meyer (343) stated 
that if the skin over a joint is anesthetized, the threshold for detection of movement 
is markedly raised, but more than touch may have been abolished by such a pro- 
cedure. Stopford (467) pointed out that the so-called cutaneous nerves of the fingers 
give branches to the interphalangeal joints. In his studies of peripheral nerve lesions 
he found that the patients frequently could detect movements passively induced by 
the examiner, but that localization of direction, degree and site of movement were 
greatly impaired. He felt that recognition of movement as such could result from 
changes in tension of muscles and tendons, the nerves to which were still intact. 
Laidlaw and Hamilton (264), in a study of apperception of passive movement, found 
a wide range of variation, especially in the older age group. From their modal values 
it appears that the hip joint is most sensitive. Angular changes as small as 0.2° were 
detected. They felt that the ability to determine direction appears to be a separate 
factor; movement is recognized before one can decide its direction. The velocity of 
movement used in these tests was constant at 10° per minute, which is considerably 
slower than that used by Goldscheider (156). It appears, from a description of the 
apparatus which they used (263), that differential stimulation of skin would precede 
each passively induced movement. It may be that this enables a subject to detect 
movement at such slow rates. Goldscheider (156) also determined the minimal speeds 
during which passive movement could be recognized. Taking this into account, as 
well as minimum excursions detected during constant speed, it appears that much 
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smaller and especially much slower movements are recognized at the larger joints, 
such as shoulder and hip. When arranged in order of sensitivity, they are, for the 
upper extremity, shoulder, elbow, wrist, metacarpophalangeal and proximal inter- 
phalangeal joints, and the shoulder is perhaps 40 times more sensitive than finger 
joints. 

Recently, Sarnoff and Arrowood (431) found that following the introduction of 
large amounts of dilute procaine into the spinal canal in human subjects, the knee, 
ankle and abdominal reflexes were abolished concomitant with the loss of apprecia- 
tion of pin-prick. But position sense remained. They suggested therefore that position 
sense and stretch reflexes may be mediated by separate groups of fibers in man. 
McIntyre and Lloyd (318) found that Group J fibers from muscle ascend for but a 
relatively short distance in dorsal funiculi before ending, presumably by relay through 
the nucleus dorsalis. It would be interesting to know if a similar situation exists in 
man. If it does, either muscles and tendons do not contribute to the so-called muscle- 
joint-tendon sense, or they have a route to consciousness other than dorsal funiculi. 
Joint fibers do ascend in dorsal funiculi and perhaps form the major component of 
this sensory quality. 


PROPERTIES AND FUNCTIONS OF JOINT TISSUES 
Joints as Functioning Units 


It is not ordinarily realized that during movement the surfaces of diarthrodial 
joints are incongruent except for a small area of potential contact. Goodsir (157) 
pointed out that efficiency of movement actually depends upon this incongruity. He 
considered that articular surfaces are really faceted, that two opposite corresponding 
facets form an articular couple and that joints consist of at least two articular couples. 
At any particular time, only one couple is in action, and their combined actions are 
such that the fundamental movement of a joint is of a screw-type. Since then, others 
have related articular curvatures to types of movement (123, 273, 274) and have 
confirmed a screw-type of motion for the knee (57, 292). Hare (184) and Fisher (127) 
emphasized the ‘screw-home’ or locking mechanism which occurs at the end of 
extension. Even the elbow, and especially its radioulnar component, is a screw joint 
(157, 220, 292). An unusually clear analysis of the significance of these facts we owe 
to Walmsley (500) who discussed the two main functions of diarthroses. One of these 
is the transmission of weight which depends upon articular mechanisms, and the 
other is movement, during which articular elements are maintained in their relations 
by muscles. 

In the transmission of weight, the joint surfaces are transformed in the func- 
tional sense from diarthroses to synarthroses. Walmsley (500) showed how this takes 
place in the hip joint. As the thigh extends, the capsule of the hip joint is progressively 
twisted and shortened and guides the head of the femur like a screw into its socket 
until the hip is fully extended. During this process a receiving or female surface is 
continuously being fitted with a male surface of greater radius of curvature until, 
when full extension is reached, the surfaces are fully congruent and further extension 
is impossible. This is the weight-transmitting position; its maintenance is independent 
of muscular action. During flexion the joint unscrews, the head moves laterally out 
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of the acetabulum and it can be demonstrated that in any position other than full 
extension the articular surfaces are in potential contact at but one spot. Elsewhere 
they are separated by a narrow space which cannot be obliterated, even by great 
pressure. This would be impossible were the head of the femur and the acetabulum a 
perfectly fitted sphere and socket. Since, during flexion, the head moves out of the 
acetabulum and a space forms, provision must be had for filling the space. Synovial 
fluid does so in part but extra-articular fatty tissue also moves into the joint beneath 
the transverse acetabular ligament. Conversely, it moves out during extension. 

MacConaill has amplified and extended the observations of Goodsir and of 
Walmsley concerning the correlation between articular incongruities and the functions 
of joints. He applied the term synarthrodial or closely-packed position to the weight 
bearing phase (292, 297) and he also demonstrated the separation of the articular 
surfaces of the elbow during movement (292). The carpus (without the lunate) is a 
screw-vice or screw-clamp which comes into action in dorsiflexion and then grips the 
lunate firmly (294). The acromioclavicular joint is likewise a screw-joint (296). 
MacConaill (297) emphasized that in the synarthrodial position the chief ligaments 
are tense, the joint surfaces are maximally congruent and the joint is ‘screwed-home’ 
and he showed that such a mechanism exists for the human foot. A recent series of 
papers deals with general principles of articular mechanisms and muscular activity 
(298-303). 

Lubrication mechanisms in joints. One of the functions of articular incongruity 
is to provide for efficient lubrication. Reynolds (402) showed that effective lubrica- 
tion of a rotating shaft and its bearing depends upon the formation of a thrust-resist- 
ing liquid film between them. If two plane, parallel surfaces are separated by a 
liquid film, then upon movement of one surface, there is a tendency for the fixed 
part to be dragged along. No pressure develops in the film and the fluid tends to be 
forced from between the surfaces. Furthermore it develops fugitive elasticity, that 
is, it breaks down at short intervals of time. The net result is that seizure or binding 
of moving surfaces may occur, even in the presence of an abundance of lubricant and 
even at relatively low speeds. But if the moving surfaces are inclined to each other at 
a small angle, a wedge-shaped film of lubricant is formed. If movement is in the direc- 
tion of the narrow end of the wedge, the circulating fluid enters at the base and leaves 
at the narrow apex. As a consequence a pressure gradient develops and the highest 
pressure is found at the apex. The film thus exhibits counter-thrust sufficient to 
support the load, even when the film is quite thin. Reynolds (402) showed this to be 
the case for the shaft and its bearing. When rotation began, the shaft moved to a 
position slightly eccentric with respect to the bearing. A wedge of film developed with 
its narrow end in the direction of rotation and through which the load line passed. 
The high pressure in this region was sufficient to keep the shaft and bearing apart. 
This situation represents fluid film or ‘perfect’ lubrication. The nature of the lubricant 
is of great importance from the standpoint of its viscosity or ability to resist shear. 
Since it is a physical necessity to have a shift in the axis of rotation during movement, 
artificial joints constructed for the testing of lubricants (414) may give information 
only about static friction and movement between what are in principle parallel sur- 
faces. Under such circumstances synovial fluid may be no more effective than other 
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lubricants. The principles of fluid film lubrication have been widely applied in me- 
chanical engineering, particularly where thrust is liable to be combined with rotation. 
Michell (344) for example, introduced flexible, wedge-shaped pads between the thrust 
blocks and collars of propellor shafts of marine engines. These provided for the 
formation of wedge-shaped films of lubricant between parallel surfaces and made 
possible a great reduction in the number of bearings necessary. 

Fluid film lubrication is not present at rest or when movement starts and stop 
and it will break down when axial thrust exceeds a critical value. A shaft at rest is 
in contact with its bearing, and a layer of oil but a few molecules thick, intervenes. 
Such a layer has many of the characteristics of a solid and this condition is known 
as boundary or solid lubrication. Gregory (165) used radioactive tracers to show that 
the motion of lead sliding on unlubricated steel was a series of sticks and slips, char- 
acterized by adhesion and transfer of metal. In solid or boundary lubrication, there- 
fore, a certain amount of wear is inevitable. Further details of lubrication mecha- 
nisms are available in books by Boswall (39) and Hersey (202). 

A joint in a synarthrodial or closely-packed position, with surfaces maximally 
congruent, is comparable to a stationary shaft since lubrication is of the solid or 
boundary type. When movement begins, articular surfaces become incongruent ex- 
cept for their region of potential contact. Between these surfaces are films of synovial 
fluid which of necessity must become wedge-shaped on nearing the region of contact 
(292). Jones (228, 229) showed that the coefficient of friction of a dried joint is nearly 
14 times as great as that of a lubricated one. He further showed that there is solid 
lubrication at rest, at starting and at stopping, while fluid film lubrication is present 
during movement. The latter can survive a load which crushes bone, up to goo pounds 
per square inch. This confirms the fact that a counter thrust develops which is cap- 
able of sustaining weight or pressure during movement. The thickness of an effective 
film has been estimated by MacConaill (292) for the knee as 50 microns. Consider- 
ably more synovial fluid is of course present, but is in large part necessary for ef- 
fective circulation and for filling up the base of the wedge and the remainder of the 
joint. The formation of fluid films is aided by certain intra-articular structures such 
as menisci, discs, synovial folds and fat pads. MacConaill (292) showed that the 
menisci of the knee joint are primarily related to the synovial fluid and are compar- 
able to a series of welded Michell pads. During movement they automatically set 
themselves at the tilt which ensures the formation of wedges of synovial fluid and in 
that sense serve to increase rather than decrease articular incongruity. The latter 
view regarding the function of these structures is the one ordinarily held (472). Ex- 
cept in full extension and flexion the tibial and femoral articular surfaces will touch 
each other before they touch the mensici (44). Menisci and similar intra-articular 
structures are found in joints where thrust is combined with gliding and rotation, 
especially where surfaces have large radii of curvature and are liable to be forced 
into premature contact (292, 296). Davies (90) pointed out that in the skate, the 
disc of the occipito-vertebral joint is biconcave, and is placed in an almost plane- 
gliding joint the skeleton of which is mainly uncalcified cartilage. It seems unlikely 
it would have a shock absorbing function and he supports the view that it acts as a 
Michell pad. Closely related to menisci and discs in their functions as Michell pads 
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are the large synovial folds and fat pads which are constantly found in all diarthro- 
dial joints, even in the fetus (158, 430). 

Since fluid, articular incongruity and intra-articular structures are important in 
lubrication, changes in any one may alter joint mechanics. The ordinary result is to 
increase the amount of solid lubrication, that is to extend it into phases of movement. 
A decrease in synovial fluid viscosity, for example, would decrease its resistance to 
shear. The extreme effect, from absence of fluid, was illustrated by Jones (228) who 
found that on working an unlubricated joint with a light load, cartilage was worn 
down to bone within four hours. Defects in articular cartilage produced surgically 
may be followed by arthritic changes (243). Defects in menisci interfere with the 
formation of fluid films, and so reduce the efficiency of lubrication. Dieterich (98) 
found that partial removal of menisci in dogs was consistently followed by a pre- 
liferative arthritis. MacConaill (292) felt that loss of a meniscus in man would not 
cause noticeable interference with ordinary activity, but that friction would increase 
and arthritic changes might be expected. King (248, 249) found that a degeneration 
of articular cartilage in dogs followed partial or complete excision of semilunar carti- 
lages. The severity of degeneration roughly corresponded to the amount of meniscus 
removed. Since a torn meniscus may heal if the tear communicates with synovial 
tissue, extensive damage of articular cartilage can be prevented. Bruce and Walmsley 
(55) found a 20 per cent increase in friction following excision of semilunar cartilages 
in dogs but regeneration probably prevented excessive joint damage. They also found 
a severe osteo-arthritis involving the femoral condyles following excision of the patel- 
lae of rabbits (56). In a study of dog knee joints, Bennett e¢ al. (26) found that every 
joint in which the patella was displaced showed changes similar to those of human 
hypertrophic arthritis. According to Soeur (457) experimental rupture of menisci 
in rabbits is followed by hypertrophy of the infra-patellar fat pad. Lindblom (284) 
studied a series of meniscal lesions in human knees and found osteo-arthritis involving 
the femoral and tibial condyles more common on the side of the lesion. His illustra- 
tions show erosion of articular cartilage. 

In view of the facts which have been presented, it seems likely that much of what 
is termed osteo-arthritis is actually destruction incident to use. The possible relation- 
ship of trauma and osteo-arthritis has been considered by many investigators (19, 
236, 245, 380). But it seems unnecessary to postulate trauma more excessive than 
that encountered in normal activity. It must be remembered that in starting and 
stopping, lubrication is of the solid or boundary type. This type is also present if the 
speed and/or eccentricity are not sufficient to maintain a pressure film (229). Unless 
one assumes that cartilage and other articular structures are frictionless, it must be 
recognized that wear is inevitable during normal activity. This would be accentuated 
by any conditions which altered joint mechanics, such as decrease in synovial fluid 
viscosity, removal of intra-articular structures or alteration of articular surfaces. 
The latter of course can result from normal wear; continued activity may therefore 
cause what at first glance appears to be disproportionate destruction. Meyer and 
others have described such changes resulting from use (154, 328, 329), and in a de- 
tailed discussion of the minuter anatomy of attrition lesions (330), he provided an 
excellent example of the effect of altering articular shape. He cited the situation in 
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which the lunate and hamate articulate by two surfaces each, instead of a single one. 
In such instances the cartilage on the smaller surface of each almost always shows 
wear in older persons, and not infrequently polishing of bone as well. Whenever these 
bones articulate by a single surface each, gross evidence of wear is slight or absent. 
In further descriptions of use destruction, Meyer (331, 332) emphasized its relation 
to handedness and to occupation. Use destruction has often been ascribed to degen- 
erative or to senile changes (61, 247). It is likely however that increasing age simply 
gives more opportunity for use. It is possible of course that age changes in cartilage 
may lead to altered resiliency of matrix and thereby increase susceptibility to wear 
in the presence of repeated movement. 


Articular Cartilage 


This is usually hyaline in nature, although in some joints the articular surfaces 
may be partially or completely lined with fibrocartilage. The structure of hyaline 
cartilage has been related to its ability to withstand movement and pressure. Ac- 
cording to Benninghoff (31) cartilage cells are arranged in groups which can be con- 
sidered as fluid systems serving to resist pressure. The matrix provides resiliency 
while fibrils within the matrix are tension resisting systems. Benninghoff (31) and, 
recently, Bressow and Vladutiu (54), have related the arrangement of these fibrils 
to the type of movement or stress to which joints are subjected. The structure of 
cartilage and its relation to function has been reviewed by Murray (355), by Policard 
(387), again by Bauer ef al. (21), and recently by Holmdahl and Ingelmark (212) and 
Amprino (3). Whether there are actually fibers in cartilage matrix has been ques- 
tioned. According to Ruth (425), however, the articular hyaline cartilage even at 
birth contains fibrils in an alveolar arrangement which can be demonstrated by re- 
moving the amorphous matrix with a potassium hydroxide-glycerine mixture. 

Growth. Cartilage is an avascular, nerveless and relatively acellular tissue. Ac- 
cording to Harris (186), growth occurs in a zone bordering on the deeper lying calci- 
fying cartilage, a zone which in young bones is continuous with that of proliferating 
cartilage in the epiphyseal plate. Harris compared the changes seen in progressing 
from this zone toward the joint cavity to the senescent changes of epidermis. Growth 
in young cartilage is by mitotic activity, but this gradually gives way to amitotic 
division (108). Fisher (128) considered the cells on the articular surface to be parent 
cells, but most evidence indicates that growth occurs from cells more deeply placed. 
It seems likely that functional stimuli, such as pressure and other stresses, are neces- 
sary for normal postnatal growth (21, 29, 87, 131). In their absence, cartilage may be 
replaced by or transformed into fibrous tissue. It is commonly held that bits of carti- 
lage lying free in the joint cavity may remain viable, presumably nourished by syno- 
vial fluid (468). According to Phemister (384) they eventually become fibrous in 
nature. Davies (87) has expressed a similar view. The surface cells of articular carti- 
lage are usually flattened and this appears to be a result of pressure since Nunne- 
macher (371) has shown that in transplanted joints the surface cells become rounded. 

Although different views have been expressed about the degree of possible re- 
generation, there seems little doubt that it has little intrinsic power of repair (25, 
26, 172, 449). Sympathectomy does not alter the situation (246). The location and 
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extent of any lesion is important in evaluating reparative processes (87). Defects 
near articular margins can be filled by ingrowth of fibrous tissue while those extend- 
ing into bone can be repaired by connective tissue ingrowth from the marrow cavity. 
A true hyaline cartilage, however, does not ordinarily result from reparative processes. 
Usually a fibrous tissue or fibrocartilage is formed. Under some circumstances, carti- 
lage such as that of the patella may be replaced after complete removal (56, 64), but 
the process is one of reformation from connective tissue cells rather than repair by 
cartilage itself. | 

Metabolic changes and physical properties. The respiration of cartilage is low 
(60, 259) but this is a reflection of its low cellular content. According to Bywaters 
(60), articular cartilage possesses an active glycolysis of the same order per cell as 
that of other adult tissues. He also calculated that even in the thickest articular 
cartilage, the deepest layers can, under normal conditions, be supplied by synovial 
fluid. Although the cell content of bovine articular cartilage decreases by 75 per cent 
from infancy on, the glucolytic power of the cells is unaffected by aging (40, 418, 
490). It remains proportional to the cell content. The respiration does decrease, 
however, and Rosenthal ef a/. (420) ascribed this to a failure in the oxygen activating 
component of the respiratory system. It was suggested (40) that the gradual loss of 
respiratory power contributes to the higher frequency of degenerative joint dis- 
orders in more advanced age groups. In order to evaluate this suggestion, one would 
have to demonstrate that older cartilage is more susceptible to the attrition of use. 
According to Meyer (331, 332), the bodies of those dead from chronic tuberculosis 
or other long standing disease bear slight evidence of use destruction unless the in- 
dividual had not been greatly incapacitated. 

Particular attention has been paid to the enzyme systems in articular cartilage 
(60, 259, 285). Lutwak-Mann (291) found that cartilage and cartilage extracts con- 
tain enzymes which act on a number of phosphoric acid esters but concluded that 
articular cartilage lacks the necessary substrates, in contrast to epiphyseal cartilage 
(169, 170). Lutwak-Mann and also Hills (206) considered lactic acid to be a possible 
normal intermediary product. Rosenthal ef a/. (419) showed that the addition of 
methylene blue markedly increased the consumption of oxygen by cartilage slices. 
Glucose and mannose were the most effective substrates, while non-glycolyzable 
hexoses such as fructose were without effect. They felt that lactate was probably 
not an important intermediary product. The RQ was not raised by the addition of 
glucose. In view of this, and of the demonstrated independency of glucose and lactate 
dehydrogenation, they suggested that low respiratory exchanges are due to incom- 
plete glucose oxidation via phosphohexonic acid. It seemed probable that the failure 
of other investigators to demonstrate as marked a dehydrogenatic ability in articular 
cartilage toward oxidizable metabolites was due to the use of cartilage from older 
animals or to slices minced too finely in distilled water (60, 206, 291). 

A major portion of cartilage appears to be a protein salt of chondroitin sulfuric 
acid which consists of equimolar parts of chondrosamine, glucuronic acid, acetyl and 
sulfuric acid (334, 340). It has been reported that the amount of the polysaccharide 
in costal cartilage decreases to about one-half by the 8th decade (195, 196). A similar 
decrease in articular cartilage has not yet been demonstrated. Chondroitin sulfuric 


156 ERNEST GARDNER Volume 30 


acid has a molecule of the long, branched chain type (53). According to Stacey (463) 
the repeating unit is a trisaccharide involving glucuronic acid, chondrosamine and 
acetic acid. The polysaccharide has a high molecular weight, is easily depolymerized 
on extraction with weak alkali and has a metachromatic staining reaction (335, 479). 
It is present in cartilage as a gel, probably combined with protein by salt, and con- 
tains about 70 per cent water. No precursor of chondroitin sulfuric acid has been 
demonstrated in cartilage cells. Metachromatic staining is not always specific for 
acid mucopolysaccharides (512), but it is interesting that Hass (194) reported an in- 
teraction in the presence of nitrous acid between crystal violet and an unknown con- 
stituent in the region of the cytoplasmic membrane. He claimed this to be specific 
for cartilage cells. The origin of chondroitin sulfuric acid poses an interesting ques- 
tion. It is undoubtedly formed by cartilage cells but if, as commonly supposed, carti- 
lage is nourished by synovial fluid, how is the acid polysaccharide formed from hy- 
aluronic acid? 

Articular cartilage, given time, has a perfect elasticity to intermittent pressures 
and will regain this power even after being dried if it is placed in normal saline (21). 
Benninghoff (30) was of the opinion that this elasticity is due to exudation and re- 
absorption of water. Lindahl (283) studied the water content of cartilage and found 
it to decrease with age. Makowsky (304) found that cartilaginous surfaces most 
subject to pressure have a lesser fluid content but a higher capacity for absorption, 
while surfaces subjected to sliding friction have a higher fluid content and a limited 
capacity for absorption. This situation develops early in life. The fluid content and 
power of diffusion tend to decrease with age. According to Holmdahl and Ingelmark 
(212), articular cartilage of rabbits is thicker in trained animals and in those ex- 
ercised on tread-mills. Ingelmark and Ekholm (222) found that articular cartilage 
increases in thickness during exercise, and that during a period of an hour after ex- 
ercise it decreases about 10 per cent in thickness. In order to explain these changes 
they postulated a swelling of cartilage by an imbibition of fluid derived from the 
joint space and marrow cavity. Edlund (102), however, considered it likely that the 
swelling of cartilage during exercise is due to an altered physicochemical property of 
the gel induced by stress, rather than to the absorption of water. These findings em- 
phasize the importance of obtaining further information about water-polysaccharide 
relationships, and about regional differences and age changes in cartilage matrix. 


Synovial Tissue and Fluid, Articular Capsule and Intra-Articular Structures 


Structure. The structure of synovial tissue has been reviewed quite completely 
by Sigurdson (452), Key (244), Vaubel (490-492), Policard (387) and Bauer et al. 
(21). Sigurdson emphasized that the inner surface of the articular capsule is not 
formed by a distinct membrane but by a connective tissue modified as the synovial 
surface is reached. Although the surface is relatively smooth, a variable number of 
folds and villi project from it. Sigurdson also emphasized the variations in size, 
shape and numbers of surface cells and the fact that in arrangement they do not 
resemble mesothelial or endothelial layers. Synovial cells in tissue culture also ex- 
hibit a marked polymorphism (352, 490, 491). Key (244) classified synovial mem- 
brane as areolar, fatty or fibrous, according to the underlying type of tissue. Frances- 
chini (130) and Raszeja (392) reached essentially similar conclusions. 
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Most recent investigations support the view of the connective tissue nature of 
the lining (84, 85, 87, 89, 144, 160, 457). Efskind (104, 106) believes that synovial 
cells on the surface form a complete membrane consisting of a single row of distinctly 
limited cells and considers that multilayered surfaces are due to the use of other than 
normal preparations. He used stretch preparations of isolated synovial membrane 
and felt that lack of sufficient stretching of the capsule might also result in a multi- 
layered appearance. But such stretching of the entire synovial layer would be most 
unusual in an intact joint. What controversy still exists (104, 106, 268, 269) results 
from the use of surface orientation as a criterion of classification. From the functional 
standpoint, subsynovial tissue and blood vessels are an integral part of the lining 
(87, 89, 92). Davies and Edwards (92) studied the rich blood supply of synovial mem- 
brane and intra-articular structures by injecting vessels with India ink suspension in 
reconstituted human blood plasma. Their results showed that terminal capillary 
networks are found at the surface of synovial tissue in areolar areas. Fatty areas lack 
such a conspicuous capillary net; small vessels are uniformly distributed throughout. 
Villi and fringes are less efficiently vascularized. The tissue lining ligaments is sup- 
plied directly by capillary vessels passing inwards from longitudinal vessels in the 
ligaments; the capillaries tend to form a longitudinally arranged series of loops. 
Consideration of these facts led Gray and Gardner (160) to consider vascularity as 
a more satisfactory criterion of synovial lining and to use the term synovial tissue 
which includes surface cells, subsurface cells, connective tissue and blood vessels. 
Joint tissues also contain lymphatics (87-89) and nerves. The latter were discussed 
in the preceding section. 

Synovial cells can be replaced from other connective tissue cells. This fact speaks 
against the consideration of the synovial surface as a specialized epithelial or meso- 
thelial layer. Key (240) showed that in the rabbit the knee joint is approximately 
normal 60 days after hemi-synovectomy. Regeneration was by metaplasia of under- 
lying connective tissue cells with little or no tendency for surface growth from the 
edges. Wolcott (515) also found regeneration after synovectomy in dogs. A complete 
study has recently been carried out by Efskind (104) who likewise found regenera- 
tion after total synovectomy. Synovial tissue is probably responsible for regeneration 
of such intra-articular structures as menisci (55, 248, 249, 499). As yet no one ap- 
pears to have studied in detail the composition of synovial fluid after synovectomy. 

The characteristic feature of articular capsule is the amount of collagenous 
tissue. Some elastic fibers are present, and are also to be found in synovial tissue, 
especially in mobile areas (89, 309). In some joints, such as those of the auditory 
ossicles, the capsule may be composed almost entirely of elastic tissue (91). In larger 
joints, in spite of the presence of elastic fibers, the capsule as a whole is extremely 
pliable but quite inelastic (83). This is in accordance with the functions of ligaments, 
which are concerned mainly with movement into and maintenance of the synarthro- 
dial position. 

Intra-articular structures such as menisci are mainly collagenous, but may con- 
tain networks of elastic fibers (270, 327). Mathur et al. (311) studied the tensile 
strength of human menisci. They determined the weights necessary to stretch menisci 
to the breaking point but did not indicate how much stretching actually occurred. 

Absorption from the joint cavity. Braun (46) was one of the first to carry out a 
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systematic study of absorption from the joint cavity. Since then a number of com- 
parable studies have been carried out (82, 241, 257, 258, 403, 426, 427, 452, 455), 
which were reviewed by Bauer ef al. (21). The following account is from Adkins and 
Davies (1). True solutions, colloidal solutions and fine suspensions when injected 
into the joint cavity enter the subsynovial tissue comparatively rapidly. The rate is 
proportional to the size of the particle and their experiments suggested that the pro- 
cess is predominantly physical. True solutions are then removed by capillaries and 
lymphatic vessels, mainly by the former. Smaller colloidal particles also enter them, 
but with greater difficulty. Above a certain critical size, probably in the neighbor- 
hood of the globulin molecule, removal by these routes stops except for small quan- 
tities which enter lymph vessels and reach regional nodes. Particles over 100 microns 
have no route of egress from subsynovial tissues. According to Efskind (105), the 
reduction of absorption, even for readily diffusible substances, is an earlier symptom 
of pathological conditions than histological changes. Saunders and Young (433) in- 
jected trypan blue into the knee joint of a human limb which was subsequently am- 
putated. Trypan blue is a readily diffusible dye, intermediate between molecular 
and colloidal states and it was rapidly absorbed by diffusion into blood and to a lesser 
degree by lymph and phagocytes. 

Absorption of water and colloid from joints was studied by Edlund and Linder- 
holm (103). Subsequently, Edlund (102) carried out what is one of the most carefully 
controlled studies of absorption of fluids and colloids from joints. An appreciation of 
his results depends in part upon reference to McMaster and Parsons’ work on con- 
nective tissue. They found that pulsation of blood vessels greatly increased the rate 
of spread of dye introduced into the subcutaneous tissue of rabbit ear (324). Sub- 
sequently (325) they concluded that connective tissue fibers serve indirectly as path- 
ways for the transport of large molecular substances. Experiments designed to show 
the presence of free interstitial fluid failed (326). Although 20 to 30 per cent of body 
fluid is extracellular and extravascular, yet interstitial fluid normally is not freely 
movable, lying in pools or lacunae, the so-called tissue spaces. If free water does 
exist, it must be as very thin films along fibers, ‘captured’ but not necessarily chem- 
ically bound, and still capable of behaving as a fluid. Later McMaster (319) devised 
methods for bringing microscopic amounts of fluid into contact with connective 
tissue. At atmospheric pressure, Locke’s or Tyrode’s solution entered tissue inter- 
mittently and was still intermittent at pressures of 1 to 2 cm. of water. Vascular 
changes were a major factor since in skin deprived of circulation, fluid did not enter 
at all except under slight pressure, and then regularly and continuously (320). He 
also found that in normal tissue, at pressures above 4.5 cm. of water, the flow be- 
came continuous, but did not increase significantly in rate. At 8.5 cm. resistance 
‘broke’ (321). Each further increase in pressure produced a proportionately greater 
inflow. Such a break occurred in dead skin also and it seems likely that artificial spaces 
were opened up. Subsequently (322, 323) he pointed out that true pressure in normal 
skin cannot be measured directly by ordinary methods because there is insufficient 
fluid to carry out manometric determinations. It can be approximated by introduc- 
ing exceedingly small amounts of relatively unabsorbable fluid and finding the least 
pressure required to overcome skin resistance to passage at the lowest rate measure- 
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able with accuracy. Venous obstruction increases interstitial resistance. Edlund’s 
(102) experiments showed that synovial tissue behaves like any other connective 
tissue. It had a breaking point at 9.55 cm. of water. When solutions of hemoglobin 
were injected at initial pressures above the breaking point, subsequent injections 
at lower pressures resulted in a proportionately greater inflow. Marked flexion of the 
knee joint caused the breaking point to disappear, as did exercise, so that increased 
absorption at lower perfusion pressures resulted. Edlund considered that this may be 
a physiological consequence of stress so as to promote fluid exchange. From very 
carefully controlled studies of hemoglobin absorption, he concluded that there are 
no functions as regards selective permeability, or absorptive or excretory powers 
which make synovial membrane any different from other connective tissue. 

Previous work (403, 455) also indicated that movement may hasten absorption. 
It is clear, therefore, that in any critical studies involving rate and degree of absorp- 
tion from joint cavities, due notice must be paid to injection pressures, degree of 
previous exercise if any, degree of flexion or of movement of the joint and of particle 
size of the injected material. 

Synovial fluid and synovial fluid mucin. The cells found in synovial fluid have been 
studied repeatedly, but mainly in lower animals (20, 21, 242, 413, 502). Up to 300 
cells per cubic millimeter may be present. They are predominantly mononuclear and 
include phagocytic and non-phagocytic types. They are undoubtedly derived mainly 
from synovial tissue and reflect its cellular content. The findings for one joint are 
not necessarily similar to those of others. Davies (86) found significant variations 
between axial and appendicular joints, especially in cattle and sheep. In the jaw of 
one animal, for example, 1337 cells were recorded and only 247 in the knee. An indi- 
vidual joint, however, shows considerable variation from one animal to another. 
High cell counts are associated with highly viscous fluids. 

Most studies of human synovial fluid have been on the knee joint; pathological 
material has been used frequently. Coggeshall e¢ al. (71) found an average of 63 
cells per cubic millimeter in fluids from human knee joints. Most of the cells were 
mononuclear. Davies (86) reported a few cases in which fluid was obtained follow- 
ing sudden death or amputation. In some instances cell counts were considerably 
higher than those reported by Coggeshall et al. (71). 

Synovial fluid is sticky and viscid. It may be colorless or range up to a deep 
yellow. It has been shown to be slightly alkaline in vivo (230, 464). The detailed 
studies of Ropes ef al. (413, 415) and Bauer ef al. (21) have provided considerable 
information about the constituents of synovial fluid. The protein content is lower 
than that of serum (average 1.02 gm/r1oo cc. in cattle; 1.72 gm/1oo cc. in man). The 
albumin-globulin ratio is high. This probably reflects a greater permeability to the 
smaller albumin molecule. Non-electrolytes, such as urea, uric acid and non protein 
nitrogen, diffuse completely into synovial fluid. No cholesterol or fatty acids are 
present. Chloride and bicarbonate are higher in synovial fluid, whereas Na, K, Ca 
and Mg are lower and total inorganic phosphate is about the same as that of serum. 
The distribution of electrolytes in general is in accord with what would be expected 
from the laws governing membrane equilibrium. The excess of chloride in the fluid 
is in about the same ratio as excess of protein in serum. The total calcium in synovial 
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fluid is much higher than that in serum and the difference between total and ionizable 
Ca represents Ca bound by mucin, the base-combining power of which is high. Aside 
from its mucin content, synovial fluid is a dialysate of blood plasma. Probably the 
only actual membrane to be considered from the standpoint of permeability is the 
endothelial layer of capillaries. Subsequent diffusion takes place through connective 
tissue matrix. Joseph ef al. (231), on the basis of an electrochemical study of synovialis 
in dogs, reported that the diffusion of most ions is in proportion to their aqueous 
mobilities and that the inner surface of the joint has little selectivity. 

The lack of selectivity is in accord with results of studies on absorption from 
joints, and also with regard to appearance of substances in joints after injection else- 
where (11, 27, 209, 258, 314, 520). Nevertheless, a number of attempts have been 
made to relate synovial fluid formation and the permeability of synovial membrane 
to the autonomic nervous system. Engel (110) devised a method of estimating dye 
content of a perfused joint so that the amount of the dye excreted into the joint after 
intravenous or intramuscular injection could be determined. Later he found that in 
cats, rabbits and dogs the penetration of a dye into knee joints was reduced follow- 
ing sympathectomy (111). He postulated a permeability factor under sympathetic 
influence, a factor which would be lost after sympathectomy so that permeability 
would decrease. He realized that the amount of dye would vary with blood flow to the 
joint but he believed that since the temperature in the quadriceps muscle on both 
operated and control sides remained the same, that blood flow remained the same. 
Similar conclusions were reached from somewhat more variable results by Engel 
and Forrai (113) and Engel (112). Reed ef al. (396) studied px changes in knee joints 
following perivascular stripping of femoral vessels. They concluded that maintenance 
of normal fluid and electrolyte balance in joint cavities depends upon vasomotor 
control of the autonomic nervous system. For reasons which were discussed in the 
section on nerve supply, their results cannot be interpreted as being due to a loss of 
vasomotor fibers to the knee joint. Cheng (68) was unable to confirm Engel’s (111) 
results. He discussed the technical factors responsible for the discrepancies and crit- 
icized Engel’s assumption that muscle temperature measures local circulation, other 
things being equal. Cheng found that only severe vascular obstruction in limbs in- 
fluenced dye excretion in knee joints, probably because of decreased capillary pres- 
sure. There is therefore no satisfactory evidence that the autonomic nervous system 
has any specific influence on synovial tissue other than its vascular components. 
This is in accord with Edlund’s (102) findings. 

Synovial tissue shows a relatively high glucolysis, compared with oxidative 
metabolism and an RQ of 0.71 to 0.72 (60). Per cell, the metabolism is of the same 
order as that of other adult tissues. Blood in synovial cavities clots rapidly (84, 223) 
but in a few days becomes liquefied (223). Synovial cells in tissue culture also liquefy 
clots (490, 491). Podkaminsky (386) demonstrated that in vitro synovial fluid con- 
tains a proteolytic ferment, a lipase and an amylase. Fluid rich in cells is more likely 
to contain glycolytic enzymes (219). 

1. SYNOVIAL FLUID MucIN. Mucin content distinguishes synovial fluid from 
other dialysates. The mucin is mainly responsible for viscosity since viscosity falls 
to that of water following acetic acid precipitation. The viscosities which have been 
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reported vary greatly (379, 434). Ropes et al. (413) stated that cattle joint fluid had 
an average relative viscosity of 3.72, while that of human knee joint fluid was 150 
at 25° C. (415). The wide variations which have been reported are undoubtedly due 
in part to differences in temperature, concentration and ionic environment (173). 
But some depend upon the joint studied since, according to Davies (85), there are 
striking differences between various joints in cattle. He found that the tibio-tarsal 
joint usually contains a large volume of colorless or pale, straw-colored fluid of low 
viscosity and low nitrogen content. The knee averaged 10 cc. of colorless to deep 
yellow fluid with somewhat higher viscosity. The most viscous fluids were found in 
axial joints, with higher cell counts, higher nitrogen content and greater freedom from 
degenerative changes. Viscosities of over 2000 were recorded from radiocarpal joints, 
while fluid from atlanto-occipital joints usually set into a gel at room temperature and 
at body temperature had a viscosity of over 600 centipoises. No correlation was found 
between viscosity and age or weight. Davies also found that spontaneous precipita- 
tion of mucin sometimes occurred during transportation or centrifugation of abso- 
lutely uncontaminated specimens. This precipitation resembled the sac formation 
produced by addition of acetic acid. Whether similar differences between axial and 
appendicular joints are present in man is unknown. As yet no satisfactory methods 
of obtaining and studying very small quantities of synovial fluid have been devised. 
Even the amount of fluid ordinarily obtained from human knees is too small (often 
less than 1 cc.) to be tested with ordinary viscosimeters. Ragan (389) used patho- 
logical fluids which could be obtained in quantities sufficient to determine viscosity 
of undiluted fluid. He then plotted relative viscosity against subsequent dilutions 
with saline. Fluids with a high initial viscosity showed an abrupt fall on minimal 
dilution. The resulting curve of decrease in viscosity was exponential. He then diluted 
normal fluids to sufficient volume and extrapolated to the viscosity of the undiluted 
state, on the assumption that the normal curve is also exponential. The exponential 
curve became a straight line when the logarithm of the viscosity was plotted against 
dilution. There is also an empirical relation between the logarithm of the viscosity 
and the square root of the glucosamine concentration of the mucin (414). Salt content 
thus has a proportionately greater viscosity reducing effect the higher the synovial 
fluid mucin concentration. It is likely that the differences reported by Davies (85) are 
related to the types of movement. The speed of moving surfaces must exceed a cer- 
tain minimal value in order that smooth motion and fluid film lubrication take place 
(292). In joints where movement is slower or where the range is small, one might ex- 
pect more viscous fluids to be present so as to offer greater resistance to shearing 
stress. 

The exact nature of the synovial mucin is still a matter of controversy. Meyer 
et al. (341, 342) reported that a sulfate-free mucopolysaccharide isolated from synovial 
fluid appeared identical with the hyaluronic acid which had been isolated from 
vitreous humor and umbilical cord. It was felt (342) that in synovial fluid this com- 
pound was either free or united to protein in salt linkage only. Both Hesselvik (204) 
and Blix (36) used electrophoretic methods to separate components of synovial 
fluid. The faster component was found to be hyaluronic acid and both concluded that 
in the native state, hyaluronic acid is in no way combined with protein but exists 
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solely in the form of salts or inorganic bases present. They regarded the mucin formed 
by precipitation with acetic acid as an artificial product. Ropes ef al. (414) consid- 
ered that in spite of electrophoretic evidence to the contrary, the protein-polysac- 
charide complex is a real one, not appreciably dissociated under physiological condi- 
tions. In support of this they cited a number of physical characteristics. Normal 
synovial fluid resembles viscous mucin solutions more than it does gelatinous poly- 
saccharide solutions of comparable concentrations. Changes in synovial fluid 
viscosity with changes in pH resemble those of mucin rather than those of polysac- 
charide solutions. Filtration experiments showed that mucin, rather than just poly- 
saccharide, was held back while unattached protein passed through. Bursal fluids may 
contain only polysaccharide, and upon addition of acetic acid yield no mucin unless 
a protein solution such as serum is added as well. According to Meyer (337), how- 
ever, hyaluronate in the native state forms gels of varying consistency, and fluid 
from axial joints of cattle may set to a gel at room temperature (85). Synovial fluid 
ordinarily appears more stringy than gelatinous, but hyaluronate solutions can be 
spun into threads, and fiber-forming capacity or ‘spinnbarkeit’ (168) is little af- 
fected by tryptic digestion. Nor is viscosity affected to any great degree by tryptic 
digestion. 

The chemistry and properties of various polysaccharides have recently been 
reviewed in detail (335, 337, 404, 463). Hyaluronic acid is composed of equimolar 
parts of glucosamine, glucuronic acid and acetic acid. Practically nothing is known 
of the structure of the molecule except that it is undoubtedly a highly polymerized, 
long chain, asymmetrical affair with a high molecular weight. Molecular asymmetry 
is indicated by the fact that solutions show positive, double refraction of flow (37), 
and have a fiber-forming capacity. The viscosity is not directly proportional to con- 
centration but increases exponentially so that solutions of over 1 per cent concen- 
tration form gels. The viscosity, therefore, differs from that characteristic of spheri- 
cal molecules (267) and reflects the degree of polymerization. The hyaluronate has a 
high base binding capacity and an osmotic pressure effect about 9 times greater than 
that of albumin (21). These properties are clearly of importance in regulating water 
balance in joint fluids. 

Hyaluronic acid is broken down by a number of agents, particularly certain 
tissue and bacterial enzymes. Chain and Duthie (65, 66) found that testicular ex- 
tract reduced the viscosity of synovial fluid of cattle to that of water, with the liber- 
ation of reducing substances. They considered it probable that this mucinase (hy- 
aluronidase) was identical to the spreading factor (100, 101, 315). A similar enzyme 
may be obtained from certain bacterial cultures (405, 406). The hyaluronic acid and 
chondroitin sulfuric acid of pigskin both appear to be hydrolyzed by testicular ex- 
tract (339). There are, actually, a number of hyaluronidases and at least two may be 
involved in the hydrolysis of hyaluronic acid (305, 336, 337, 409, 414). The first step 
is a depolymerization with an irreversible loss of viscosity; this takes place in a few 
minutes. The next is the liberation of reducing substances which even with potent 
preparations takes 24 to 48 hours (414). 

Hyaluronidases may reduce synovial fluid viscosity in vivo (390). Substances 
other than enzymes may degrade hyaluronic acid (305, 405, 407, 454). These include 


April 10950 PHYSIOLOGY OF MOVABLE JOINTS 163 
ascorbic acid in the presence of atmospheric oxygen. Hydrogen peroxide and Cu** 
accentuate this effect. Viscosity is decreased but no reducing compounds are liberated. 
Alkaline phosphatase may also decrease viscosity; both it and ascorbic acid are found 
in synovial fluid but have not yet been demonstrated to have any effect in vivo (414). 

2. FORMATION OF MUCIN. The presence of mucin in synovial fluid has led to 
repeated attempts to demonstrate secretory activity in synovial ceils. Mucin granules 
have been described in synovial cells (314) and Fisher (126) also claimed to have 
demonstrated mucin in them. Kling (252, 253) described cells staining metachromati- 
cally with toluidine blue which he considered to be secretory. Cherry and Ghormley 
(69) stained synovial tissue with mucicarmine and claimed to have demonstrated 
mucin. Davies (84) was unable to confirm any of the above results. He found no cells 
containing either mucin or pre-secretion granules and considered that the cells de- 
scribed by Kling were scattered mast cells. Dempsey ef al. (93) indicated that hy- 
aluronic acid can be distinguished from sulfate containing mucopolysaccharides in 
tissue sections but gave no specific data about possible identification in synovial 
cells. Key (244) was unable to demonstrate a Golgi apparatus in synovial cells. King 
(250, 251), however, described well-developed Golgi apparatus which he felt be- 
came enlarged in conditions with increased production of synovial fluid. But Davies 
(84) was unable to confirm King’s findings. He showed mitochondria to be present 
as small granules or rods. 

In spite of the lack of specific evidence, there is little doubt that synovial cells 
are responsible for the presence of mucin in synovial fluid, and that its production 
requires energy-producing reactions (338). If the dialysate of plasma acquired the 
mucin during its diffusion through connective tissue, then pleural fluid, peritoneal 
fluid and lymph should also acquire it. Vaubel (490, 491, 492) found that synovial 
cells in tissue culture produced a mucin which was precipitated by acetic acid and 
was insoluble in excess of acetic acid, contrary to the solubility of a nucleoprotein. 
It is interesting that heavy, neutral red-staining granules were seen in these cells. 
Metatases of synoviomias produce a mucin (72, 253, 337). According to Haagensen 
and Stout (171) synovial elements of synoviomas often contain droplets of a mater- 
ial staining red with mucicarmine which they assumed to be hyaluronic acid. But in 
one case cited, mucicarmine was negative and in others they referred to the mucoid 
appearance of cells. Murray et al. (352) cultured cells from synoviomas and also from 
normal synovial tissue. They found synovial cells to be polymorphic, with neutral 
red-staining granules. Mucicarmine staining was negative. They concluded that two 
cell types were present, much as is the case with synoviomas, but that the distinction 
was not a generic one—the same cell may assume either form, especially in tumors. 
Their findings were essentially a confirmation of Vaubel’s (491) results. 

It is possible that synovial cells produce a hyaluronidase which acts on chondroi- 
tin sulfuric acid, assuming that this compound is present in synovial tissue, thereby 
leaving only the more fluid hyaluronic acid. But such an action has never been dem- 
onstrated nor is such a possibility in accord with the findings of tissue culture. Some 
effect on cartilage could hardly be avoided if this were the situation. 

Therefore, it seems likely that synovial cells are specifically concerned in hy-- 
aluronic acid metabolism. But there is no reason to assume that only the cells directly 
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adjacent to the joint cavity are involved, but rather that all cells in synovial tissue 
function in this manner or are capable of doing so. This implies that connective tissue 
cells in general have the capacity to function likewise. This is borne out by the fact 
that synovial tissue reforms from underlying connective tissue after synovectomy. 
Furthermore, synoviomas which are said to arise from synovial tissue, rarely affect 
the actual lining of a joint or bursa (171). They occur in close proximity to joints but 
can seldom be demonstrated within them. Nonmalignant articular tumors, on the 
contrary, almost always do involve joint linings. 


General Considerations 


The problem of metabolic processes in synovial tissue and fluid is essentially one 
of connective tissue in general since the essential constituent of synovial fluid is a 
mucopolysaccharide. But the outstanding feature is the limitation to a single muco- 
polysaccharide, and the responsible factors are unknown. Furthermore, the produc- 
tion of this compound probably begins early in fetal life, in association with the 
remarkable circumstance of a self-limiting cavity formation involving the very tissue 
responsible for the production. A study of fetal joints would very probably give valu- 
able information about the processes involved in the production of hyaluronic acid, 
and about the various hormonal and enzymatic factors which might be concerned. 
Just how synovial tissue in the fetus differs from that of the adult, if at all, is un- 
known. Morphologically it is quite similar in appearance. According to Bensley (32), 
the intercellular ground substance of other young loose connective tissue is in a viscid 
continuous form but in the adult it is less abundant and is interrupted by tissue spaces 
and chiefly encloses connective tissue fibers. 

To what extent joint tissues are involved in general connective tissue changes 
produced by hormonal factors is unknown. The latter may affect the production of 
ground substance; following estrogen stimulation a viscous, stringy exudate, with 
general water retention, forms in the sexual skin of immature monkeys (375). The 
spread of hyaluronidases through connective tissue may be altered by adrenal cortical 
hormones and other steroids (376), and it also appears to be a sex limited character 
since it is more pronounced in females (289). Attempts at analyzing the factors con- 
cerned have, however, yielded variable results (290, 460, 461). Ascorbic acid and 
calcium are important for the maintenance of normal intercellular substance (67, 
398), but the exact role of the former still remains undetermined. According to Wol- 
bach and Howe (514), scorbutic cells continue to produce a liquid substance which 
sets to a gel only after antiscorbutic treatment. Connective tissue may, however, 
become hyperplastic and swollen, with a curious gelatinous consistency, and joints 
may become stiff (358). Nevertheless it is still uncertain to what extent joint tissues 
are involved. Meyer and McCormick (333) found relatively few changes in joints, in 
spite of the presence of noticeable stiffness. They emphasized that the predominant 
picture in scurvy is one of destruction, and that the earliest demonstrable morpho- 
logical changes are intracellular, characterized mainly by cytoplasmic liquefaction 
in many organs, in muscles and in the nervous system. 

Following their demonstrated effect on connective tissue, it has been suggested 
that hyaluronidases are implicated in rheumatic disorders. This would seem to be 
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supported by Guerra’s (167) finding that sodium salicylate, which has a beneficial 
effect in rheumatic disease, inhibits the spreading effect of testicular extract in a 
specific and intense manner. But sodium salicylate fails to inhibit hyaluronidase 
in vilro (385). Lowenthal and Gagnon (288) likewise could not demonstrate inhibi- 
tion in vitro. On the assumption that sodium salicylate in vivo may form a compound 
which in turn acts as an inhibitor, they tested gentisic acid (about 4 to 8 per cent of 
the salicylate is converted to gentisic acid). But this product was also inactive. They 
succeeded in oxidizing gentisic acid to its quinone and with it they obtained signifi- 
cant inhibition. But it has not yet been shown that this product can be formed in the 
body. Roseman ef al. (417) also found that gentisic acid failed to inhibit bovine testic- 
ular hyaluronidase. Seifter et al. (441) studied the influence of hyaluronidase and 
various steroids on the permeability of synovial membrane. They injected PSP into 
rabbit ankle joints and tested urine for its presence at regular intervals thereafter. 
Hyaluronidase injected with PSP increased its rate of absorption, presumably by 
increasing permeability. Adrenal cortical extract delayed absorption, while DCA 
increased it. ACTH and cortisone were almost as effective as the alarm reaction in 
decreasing permeability. Such findings, while interesting, require confirmation since 
no mention was made of controlled pressures, of the presence or absence of movement 
or of the degree of previous joint flexion, if any. In view of the fact that in some of 
their tests only one or two animals were used, these things should be considered. 
According to Edlund (102), DCA does not affect the absorption of hemoglobin and 
fluid from animals with intact synovial membranes. Seifter e a/. (441) postulated a 
deficiency in function of hyaluronic acid produced by hyaluronidase or DCA, thus 
permitting exudate into joints and perhaps leading to rheumatoid arthritis. But 
hyaluronidase has not been demonstrated in synovial fluid in rheumatoid arthritis 
(391, 412). Furthermore, the characteristic lesions are similar to those found in other 
connective tissue disorders and are primarily cellular in nature. They are multiple, 
nodular, inflammatory lesions consisting of lymphocytes and plasma cells and they 
are widely distributed throughout connective tissue, being especially prominent in 
muscle and along nerves (95, 132, 133, 465). In spite of the fact that hyaluronidases 
may produce connective tissue lesions similar to those seen in rheumatic diseases, 
one should be extremely cautious about assuming that causes are identical. 

The intermediary metabolism of connective tissue components has assumed 
especial importance since the reports by Hench e¢ al. (198-200), on the remissions in 
rheumatic disorders following administration of ACTH and cortisone. Similar find- 
ings have since been reported by others (38, 107, 307, 484). The possible implication 
of adrenal cortex had, of course, been considered previously. Selye e¢ al. (447) had 
found that under certain conditions, overdosage with DCA elicits a polyarthritis 
in rats which histologically resembles that seen in acute rheumatic fever. It is there- 
fore possible that connective tissue disorders are diseases of adaptation (444, 445). 
It can be postulated that exposure to stress stimulates production of adrenal cortical 
hormone, a defense mechanism, however, which may defeat its purpose by over- 
production and thus lead to severe side effects of DCA. Formalin-induced arthritis 
is slightly aggravated by pretreatment with DCA or crude anterior pituitary extract, 
but almost completely inhibited by cortisone or ACTH (446). A note of confusion 
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has been added by the fact that combined injections of DCA and ascorbic acid yielded 
clinical improvement in the hands of some workers (277, 280), while others (459) were 
unable to demonstrate any improvement following similar treatment. At the present 
time, and in view of the flux of papers, no specific conclusions can be drawn. While 
clinical improvement with ACTH and cortisone has been striking, the series has 
been small and the importance of side effects, such as marked euphoria, remains to 
be evaluated. 

It is clear that the pituitary-adrenal relationship is of the utmost importance 
(286, 287, 478), since any effects of stress ultimately depend upon activation of the 
anterior pituitary. It seems likely that control may be exerted by a humoral mech- 
anism in the portal circulation (162, 164, 185), and according to Markee et al. (306) 
adrenaline or an adrenergic substance is involved. It is just as clear that one of the 
main problems involves the synthesis of ground substance. Glucuronic acid, one of the 
components of hyaluronic acid, and formerly considered mainly from the standpoint 
of its role in detoxification mechanisms, is now known to be involved in normal ster- 
oid metabolism. Many normal metabolites of endogenous origin, and especially ster- 
oids, may undergo conjugation with glucuronic acid (308). According to Ragan and 
Meyer (391), synovial fluid from patients with rheumatoid arthritis contains a hy- 
aluronic acid which is less highly polymerized than the normal. The synovial fluid 
is usually in excess and since the hyaluronic acid concentration is not especially low, 
the total amount is greater. They were unable to demonstrate any hyaluronidase 
which might have depolymerized the hyaluronate. The implication is that an in- 
completely polymerized hyaluronate is produced in rheumatoid arthritis. It may be 
that a precursor (disaccharide) is normally formed in the liver and that polymeriza- 
tion by connective tissue cells forms the polysaccharide (338). In view of the wide- 
spread distribution of rheumatic lesions, it would be interesting to know whether other 
polysaccharides, such as the chondroitin sulfuric acid of cartilage and dermis, show 
a comparable lack of polymerization. Ropes (412) felt that there was as yet insuffi- 
cient evidence to decide whether the change in hyaluronic acid in rheumatoid arthri- 
tis is due to breakdown or to inadequate synthesis, but the latter view appears to 
have more in its favor. 

It is thus evident that a continuing analysis of connective tissue and its dis- 
orders depends in large part upon contributions from the basic sciences, a situation 
not unusual in any significant advance in medicine. 
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substances as local regulators of tissue function. The substances in question 

were acetylcholine, histamine and adrenaline. Feldberg and Schilf (35) 
spoke of them as tissue hormones. Gaddum, in his book, Gefdsserweiternde Stoffe 
der Gewebe (37), spoke of “certain substances which are distributed widely in 
the body and play an important role by regulating the activity of the tissues 
locally.” In the years which have followed, attention has been diverted from 
the idea that these substances play a part in controlling activity themselves, 
and has been concentrated on their function as chemical intermediaries in the 
transmission of nervous impulses. Now, however, interest is again being taken 
in the action of acetylcholine, histamine, nor-adrenaline and adrenaline as 
local hormones, if functions exerted independently of innervation may be so 
described. To say that these functions are exerted independently of innerva- 
tion does not mean that nervous impulses do not modify the functions, and a sharp 
distinction between local activity and activity due to nervous control will rarely if 
ever be possible, except in tissues like the placenta in which nervous control does 
not exist. 

It is clear, however, that the isolated heart continues to beat when removed 
from the body, and that an external nervous control is not required to drive it. To 
discuss whether the nervous network present in its tissue is required to maintain 
the beat or whether the contractions can continue without it is to reopen that old 
controversy about the neurogenic or myogenic origin which seemed to be settled 
long ago by Gaskell. It is also clear that the blood vessels can maintain a tone of 
their own, for it is well known, at least to those who have carried out denervation 
experiments, that when all the nerves to a limb are cut, although the immediate 
effect is a complete loss of tone and a maximal volume pulse, the vessels reacquire 
a tone in a day or two, which appears to be developed spontaneously inside the 
vessel wall. To discuss the part played by acetylcholine, histamine and adrenaline 
in maintaining this local activity, recent work on the auricles will be described first. 
The account which follows makes no claim to be a comprehensive treatment of all 
the evidence which has accumulated in this field, but is rather an attempt to put 
together various observations which have been made, to form a somewhat ill-sup- 
ported structure. The structure has at least the merit that it serves to suggest 
further experiments, the results of which will with reasonable certainty destroy it. 
It is in this way that knowledge grows. 


Pests OR TWENTY YEARS AGO, attention was beginning to be paid to various 


177 


178 J. H. BURN Volume 30 


ACETYLCHOLINE AND THE AURICLES 


The first suggestion that acetylcholine playsa part in the contraction of cardiac 
muscle was put forward by Koshtojanz (45) on the curious ground that sodium 
fluoride applied to the frog heart reverses the effect of vagal stimulation. The view 
was also put forward by Abdon (1) who found together with Hammarskjéld (2) 
that rabbit hearts contain a precursor of acetylcholine which they were able to ex- 
tract in an inactive form. When the extract was heated with acid, acetylcholine 
was liberated. Although they made attempts to do so, they were unable to demon- 
strate a connection between the acetylcholine precursor and cardiac activity. 

The difficulty in supposing that acetylcholine plays a part in cardiac contraction 
is obvious. The usual effect of acetylcholine on the heart is to arrest it, or in smaller 
amount to reduce the rate and amplitude of the beat. It is not easy to understand 
how a substance which acts as a brake can also be responsible for driving the engine. 
Nevertheless there are various indications in the literature that acetylcholine pos- 
sesses a stimulant action as well as an inhibitory action. 

Sachs (51) used the isolated auricles of the rabbit and determined the smallest 
concentration of various choline derivatives which diminished the amplitude of the 
contraction; when he tested still lower concentrations he found that acetylcholine 
stimulated the auricles. Rothberger and Sachs (49) made similar observations with 
both acetylcholine and carbaminoylcholine. These are the only observations re- 
corded on the isolated auricles, and many other observations of a similar kind on 
the whole heart cannot properly be brought into the discussion, since the whole 
heart comprises different tissues and a dual action of acetylcholine can be explained 
as an action on different parts. It is, however, right to mention the observations of 
Welsh (59) who observed that small concentrations of acetylcholine increased the 
rate of the isolated crab heart, while higher concentrations caused tetanic contrac- 
tion and systolic arrest. Again, Spadolini and Domini (54) perfused isolated guinea- 
pig hearts with Ringer-Locke solution and found that concentrations of acetylcholine 
between 10-* and 5 X 10-* stimulated the hearts while higher concentrations de- 
pressed them. Other observations are recorded by Prosser (48) who himself found 
that acetylcholine increased the heart rate of Talorchestia, Bactrurus and Asellus 
though not of Artemia or Eubranchipus. 

Action of Proguanil. In the course of studying the pharmacological action of the 
antimalarial substance proguanil, or chloroguanide, (N’-p-chlorophenyl, N°-iso- 
propyl-biguanide), Burn and Vane (16) exposed the isolated auricles of the rabbit, 
suspended in Ringer-Locke at 29° C., to a concentration of 8 X 107° proguanil. Their 
results can be described most simply by giving an account of the changes observed 
in one experiment. After 20 minutes the rate declined from g2 to 60 per minute, 
and the amplitude to half its initial size. The addition of acetylcholine in concen- 
tration 10~* no longer diminished the rate as it did before the exposure of the au- 
ricles to proguanil; it increased the amplitude after slight brief depression. The 
acetylcholine was washed out and the exposure of the auricles to proguanil was 
continued. After a total exposure of 65 minutes the auricles stopped abruptly. The 
bath was then changed to Ringer-Locke without proguanil, and the auricles re- 
mained inactive for 40 minutes. When acetylcholine was added (10~®) the auricles 
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began to beat in go seconds, and continued until the acetylcholine was washed out, 
when the beat stopped again. A further addition of acetylcholine started the beat 
for a second time. The same course of events was repeated in many experiments. 

Under the influence of proguanil the inhibitory action of proguanil was thus trans- 
formed to a stimulant action; there was no sudden reversal of the action, for the 
change was gradual, as was well seen in some experiments before the effect of pro- 
guanil had gone so far as to arrest the beat. The inhibition became steadily smaller 
and the succeeding phase of augmentation steadily more marked until it became 
the main effect. The reverse change occurred when the beat was started again by 
acetylcholine. When this remained in the bath for a longer period, the beat did not 
stop on removing the acetylcholine, but the amplitude diminished. Further addi- 
tion of acetylcholine increased the amplitude, and successive additions produced a 
gradual return of the inhibitory effect. 

Two points were therefore brought out by these experiments. They showed the 
dual action of acetylcholine in the extreme form, that initially it depressed the con- 
traction in rate and amplitude, and on the other hand that it caused the beat to 
start again when it had stopped under the influence of proguanil. The second point 
was that the inhibitory action passed over by degrees into the stimulant action, and 
that when the beat began again the stimulant action passed by degrees into the 
inhibitory action. 

Exhausted Auricles. The question then arises how to explain the action of 
proguanil. This is however best considered after the further course of the research 
upon the auricles is described. Proguanil is a substance foreign to the body, and it 
is difficult to deduce what happens under physiological conditions from observations 
on tissues which have been exposed to it. A reversal of the action of acetylcholine 
by proguanil like the reversal of the pressor action of adrenaline by ergotoxine may 
have several explanations. 

Biilbring and Burn (8) were next able to show that when isolated auricles were 
left to beat for many hours until the beat stopped, the addition of acetylcholine 
to the bath then caused the beat to start again. In carrying out an experiment of 
this kind the fluid in the bath containing the auricles was repeatedly changed to 
remove substances diffusing out of the tissue. The time to cessation of beat varied 
from 25 to 40 hours. Provided acetylcholine was added to the bath within one hour 
of the cessation of the beat, the beat began again in the majority of preparations. 
Sometimes the resumption of the beat was vigorous, sometimes the resumption was 
feeble but it was then reinforced by the addition of larger amounts of acetylcholine; 
after full restoration of the beat the addition of acetylcholine caused inhibition. 

Acetylcholine Synthesis. These experiments showed that the dual action of 
acetylcholine could be observed in circumstances which indicated that both effects 
were physiological. They strengthened the hypothesis that acetylcholine plays a 
part in the contractions of cardiac muscle and that the contraction may depend 
upon its synthesis. The synthesis of acetylcholine in cardiac tissue was first ob- 
served by Beznak (4); he incubated the press juice of frog hearts in the presence of 
eserine. 


The synthesis of acetylcholine by brain tissue has been extensively studied by 
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Feldberg and Mann (33); they prepare a dry powder after extracting the brain with 
acetone, and incubate it together with choline and citratein the presence of adenosine 
triphosphate and other ingredients. Comline (20) has shown that the auricles of 
the rabbit examined by the same method also synthesize acetylcholine, though in 
much smaller amount. Whereas brain synthesizes from 500-900 micrograms per 
gram powder per hour, auricle tissue synthesizes about 50 micrograms per gram 
powder per hour. 

Using this method Biilbring and Burn compared acetylcholine synthesis in 
powders prepared from a) fresh auricles, b) auricles which had stopped beating after 
24-36 hours, and c) auricles which having stopped beating were started again by 
the addition of acetylcholine. They found in a series of experiments in each of which 
powders from auricles corresponding to a, 6 and c were examined side by side, that 
auricles which had stopped beating had lost the greater part of the power of syn- 
thesis possessed by fresh auricles, but that auricles in which the beat was restarted 
by acetylcholine had regained it. Mean figures, in micrograms per gram powder per 
75 minutes were for fresh auricles 45, for stopped auricles 10, for restarted auricles 
35. These results supported the view that the ability of the auricles to contract was 
related to the power of synthesizing acetylcholine. 

Effect of Acetylcholine on Synthesis. Moreover, the results suggested a further 
experiment. When acetylcholine is added to the bath containing the freshly beating 
auricles the beat is depressed. What would be the effect of acetylcholine on syn- 
thesis? Would acetylcholine depress the synthesis as it depressed the beat? To find 
the answer, an acetone-dried powder was prepared from several freshly excised 
auricles, and equal portions of this powder were placed in a series of test tubes. One 
tube was incubated as usual as control, and to the others acetylcholine was added 
in increasing amounts. It was found that the synthesis of acetylcholine was de- 
pressed in proportion to the amount of acetylcholine added, and it was further 
shown that the depression of synthesis was due to a depression of the rate of syn- 
thesis. This was a further confirmation of the close relation between the contraction 
in the bath and power of synthesis. 

The final test of this relation was applied to the auricles in which the beat had 
ceased. Acetone powder was prepared from several of these auricles, and then dis- 
tributed in equal amounts in a series of tubes to which acetylcholine was again 
added in increasing amounts. In these experiments, the opposite result was ob- 
tained to that for fresh auricles. The addition of acetylcholine progressively in- 
creased the synthesis until a peak was reached beyond which it was again reduced. 
Evidence from a third group of auricles gave additional support to the general 
conclusion. These were auricles which had been in the bath for 26 hours but not 
all of them had stopped. A powder was thus prepared from these auricles, and the 
effect of adding acetylcholine to this powder in graded amounts was determined. 
The percentage change in the synthesis caused by a given amount of acetylcholine 
was intermediate between the percentage change in auricles which had all stopped 
and that in fresh auricles. The lowest doses of acetylcholine caused an increased 
synthesis while the higher doses causes a decreased synthesis. 

Thus complete agreement was obtained between the activity of the auricles in 
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the bath and the synthesis of acetylcholine by the powder, both being influenced 
by added acetylcholine in the same sense at all stages. 


FUNCTION OF ACETYLCHOLINE IN AURICLES 


The effect of acetylcholine in inhibiting its own synthesis in fresh auricles is 
perhaps not surprising, for the effect of adding the end product in slowing the rate 
of a reaction is well known. It is more difficult to understand the quite different 
relation of acetylcholine to the process of synthesis in auricles which have ceased 
to beat, in which the effect is autocatalytic, so that the addition of acetylcholine 
increases its own synthesis. It is clear, however, that the mechanism by which 
acetylcholine can either stimulate its own synthesis when this is deficient, or depress 
it when synthesis proceeds at a certain optimal rate, enables a very delicate control 
to be exerted by the vagus nerve and perhaps indeed by the pacemaker. 

It is now believed that the contraction of skeletal muscle and of cardiac muscle 
finally depends on the activation of actomyosin by adenosine triphosphate, and 
that in skeletal muscle the process is set in motion by the release of acetylcholine 
at the motor end plate. We may now suppose that the contractions of cardiac 
muscle are also due to acetylcholine synthesized and accumulating until a concen- 
tration is reached sufficient to act as in skeletal muscle. Perhaps the pacemaker 
controls the rate of synthesis, or perhaps it controls the point at which the synthe- 
sized acetylcholine is allowed to affect the actomyosin system. 


ACETYLCHOLINE IN TRYPANOSOMES 


Since the isolated auricles with their characteristic rhythmic activity contain 
the enzyme system which synthesizes acetylcholine, it seemed possible that other 
highly motile tissues might contain it also. An examination was made of trypan- 
osomes, and Biilbring, Lourie and Pardoe (12) were able to show that these con- 
tained acetylcholine, and also were able to synthesize acetylcholine. For comparison 
they investigated the malaria parasites from chick red cells. These non-motile forms 
contained no acetylcholine. 


MOTOR AND INHIBITOR EFFECTS 


The experiments on the isolated auricles throw light on the relation between 
motor and inhibitor nerve actions. We have till now no explanation of the curious 
fact that while the vagus inhibits the heart, it stimulates the intestines. We know 
that the fibers in the vagus do not differ, and that the difference in action is due 
to the difference in the effect of acetylcholine released at the points where the vagal 
fibers end. Why then does acetylcholine inhibit the heart and yet stimulate the 
intestine? The heart consists of striated muscle, yet the normal effect of acetyl- 
choline on skeletal striated muscle is stimulation. 

The experiments show that the inhibitory action of acetylcholine on the au- 
ricles is due to inhibition of acetylcholine synthesis, and that this inhibition is seen 
only when the synthesis is proceeding at a normal vigorous rate. When the auricles - 
cease to beat the synthesis of acetylcholine is low, and at that point acetylcholine 
stimulates the auricles and has a motor effect. The stimulation consists in an auto- 
catalytic action on acetylcholine synthesis. 
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Action of Proguanil. There is, however, more to be said about the relation of 
inhibition to stimulation in the light of the action of proguanil. When the isolated 
auricles are allowed to beat until the contractions cease after 24 to 36 hours, the 
effect of acetylcholine is inhibitory up to the moment at which the beat stops. If 
however the auricles are exposed to proguanil, then in the course of 30 minutes the 
inhibitory action of acetylcholine declines and gives place to a stimulant action on 
the amplitude before the beat stops. Now preliminary results indicate that when 
proguanil arrests the beat, a powder prepared from the auricles at this point can 
synthesize acetylcholine as well as a powder prepared from fresh auricles. Thus the 
arrest of the beat by proguanil is not due to a diminution of synthesis. In order to 
arrive at an idea of how proguanil acts, its effects in other organs must be considered. 

On the muscle of the frog rectus Vane (57) found that in high concentrations 
proguanil had a stimulant action of its own. In lower concentrations (10~ to 1o~®) 
proguanil depressed the response of the frog rectus muscle to acetylcholine. Simi- 
larly, in concentrations of 10-* to 3 X 10~ it augmented the response of guinea-pig 
ileum to acetylcholine. When proguanil was infused intravenously into a cat under 
chloralose it depressed the contractions of the intestine caused by vagal stimulation. 

We have a picture here, particularly in the frog rectus, of a substance which 
can act like, and therefore compete with, acetylcholine attaching itself to the re- 
ceptors on which acetylcholine acts. Now on the auricles proguanil has three effects. 
It reduces the size of the contractions, it removes the inhibitory action of acetyl- 
choline and it introduces the stimulant action of acetylcholine. If proguanil com- 
petes with acetylcholine it may be expected to attach itself to receptors on which 
synthesized acetylcholine normally acts, and thus the first effect is explained, for 
the size of contractions will be reduced. As for the second effect, we do not yet 
know whether proguanil modifies the inhibitory action of acetylcholine on the syn- 
thesis, and the disappearance of the inhibitory action of acetylcholine on the am- 
plitude of contraction may be due to this effect being masked. The addition of 
acetylcholine to the bath, raising the concentration sharply, must displace some 
of the proguanil molecules from the receptors and make these accessible once more 
to acetylcholine; the contractions will therefore become larger, which is the third 
effect. 

The arrest of the beat by proguanil presumably occurs when all the receptors 
on which the synthesized acetylcholine acts have been occupied by proguanil; the 
beat begins again under the influence of added acetylcholine because this by com- 
petition removes proguanil from some of the receptors. Thus we have a picture of 
the action of a local hormone, and also a picture of a drug acting by competition 
with the local hormone. 


ACETYLCHOLINE IN THE INTESTINES 


The one study which has so far been made in smooth muscle concerns the syn- 
thesis of acetylcholine in the intestine. Many workers (18, 44, 21, 53, 39, 43, 58) 
have shown that the different layers of the stomach and intestines contain acet- 
ylcholine which is formed there by synthesis (24). Normally acetylcholine is con- 
tinuously released even when all extrinsic nerves are divided (34, 25, 26, 30, 38, 
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40, 36). Discussion still continues about the source of the acetylcholine in the wall, 
most authors supposing that it arises in the ganglionic plexuses, but Feldberg and 
Lin (31) point out that it is quite possible that acetylcholine is synthesized in the 
smooth muscle and gland cells, just as it is formed in the placenta (18-20). Feld- 
berg and Lin have examined the effect of D-tubocurarine, nicotine and cocaine on 
isolated loops of intestine and have observed that concentrations of these sub- 
stances which paralyze the ganglia or the intrinsic nerves, as shown by the disap- 
pearance of the peristaltic reflex, do not interfere with the production of acety]- 
choline. As a guide to the production of acetylcholine, they used eserine, which 
causes increased tone of both longitudinal and circular muscle so long as acetyl- 
choline production continues. Feldberg and Lin also determined the acetylcholine 
present in the effluent when the intestinal vessels were perfused with Locke’s so- 
lution containing eserine, and found that the addition of cocaine even in a concen- 
tration so high as 1 in 800 did not diminish the amount of acetylcholine. Finally 
Feldberg and Lin (32) have found that acetylcholine synthesis is vigorous in the 
mucosa, where it may be responsible for the secretion of succus entericus. Thus 
the evidence points to acetylcholine synthesis in the intestinal wall as being inde- 
pendent of nervous structures, thus providing another example in which acetyl- 
choline may be said to serve the function of a local hormone. 


MOTOR AND INHIBITOR EFFECTS IN VISCERA 


In the intestine, the uterus and other hollow viscera the action of acetylcholine 
is to stimulate, not to cause inhibition. Since means had been found of demonstrat- 
ing a stimulant action in cardiac tissue, which is normally inhibited, Burn and 
Vane (16) sought for an inhibitory action in intestine and uterus. They suspended 
strips of rabbit intestine and the uterine horns of the rat, and added to the bath 
increasing amounts of acetylcholine; at each addition there was an immediate in- 
crease in the contraction followed by some relaxation which increased in extent 
as the concentration rose. Finally an amount of acetylcholine was added which 
produced an inhibition resembling that caused by atropine; this persisted until the 
bath fluid was changed. The normal rhythm was at once regained. 

To obtain this complete inhibition in the intestine the concentration required 
was 3 X 10‘. Much lower concentrations were sufficient to produce the effect in 
the rat uterus, and indeed the exposure of the rat uterus to high concentrations 
of acetylcholine, which were then removed by changing the bath fluid, had the 
effect of rendering amounts of acetylcholine inhibitory which were stimulant ear- 
lier. Thus a concentration of 1.2 X 1o0~* became inhibitory after the exposure of 
the uterus to a concentration of 10~*. Care was taken in all these experiments to 
show that the inhibitory effects recorded were not due to change in tonicity or of 
pu of the bath fluid. 

There is at the present time no evidence which makes it possible to relate 
either the stimulant or the inhibitory effect of acetylcholine to the synthesis of 
acetylcholine in smooth muscle in the same way as it is related in the auricles. It 
is likely that the ordinary stimulant action of added acetylcholine is the result of 
raising the concentration above that produced by synthesis alone. 
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Mechanism of Inhibition. The inhibitory effects which have just been described 
may be explained by a depression of acetylcholine synthesis, though no experi- 
ments have been carried out to test this. On the other hand, the inhibition may 
be due to the effect of excess of acetylcholine in blocking the receptors for acetyl- 
choline on the mechanism for contraction. The conception of the inhibitory effect 
of excess is familiar to the biochemist who studies enzyme-substrate relations. Thus 
when ‘true’ cholinesterase acts on acetylcholine, the rate of breakdown is slowed 
when the concentration of acetylcholine rises above a certain point. It is supposed 
that the attachment of each molecule to the enzyme is effected at two points, A 
and B. Thus at A the acetyl portion is attached and at B the choline portion is 
attached. This double attachment is required for hydrolysis to be effective. If ex- 
cess of acetylcholine molecules appear, then it may happen that not one but two 
molecules of acetylcholine are attached to the two parts A and B of one receptor; 
thus the acetyl portion of one molecule is attached at A and the choline portion 
of a second molecule is attached at B. When this happens hydrolysis does not oc- 
cur, nor are the receptors set free again after the attachment. Thus the result is 
inhibition. 


THE BLOOD VESSELS 


There has been more discussion of the relation between constrictor and dila- 
tor effects in the blood vessels than of motor and inhibitor effects in any other pe- 
ripheral tissue. Hitherto different actions of adrenaline and histamine have been 
explained by the theory of different receptor sites. It has been supposed that ad- 
renaline causes vasoconstriction because there are portions of the vascular tree 
where the union of adrenaline with receptor groups results in increased contraction 
of the smooth muscle of the arteries. The view is that linkage between adrenaline 
and these particular receptors is always followed by constriction and never by di- 
lation. It has likewise been supposed that at other portions of the vascular tree 
there are receptor groups which bring about vasodilatation when linked with ad- 
renaline, and never cause vasoconstriction. The change produced by adrenaline in 
the resistance of the vascular tree to the passage of blood has therefore been re- 
garded as the algebraic sum of these two opposed effects. Evidence in favour of 
this conception was provided by the work of Dale (22) in studying the action of 
ergot, which is worth recalling in some detail. He observed that inhibitor effects 
of sympathetic stimulation or of adrenaline, such as the inhibition of the stomach 
of the cat, of the small intestine of the cat, dog and monkey and of the gall blad- 
der, remained inhibitor under the influence of ergot. On the other hand, certain 
motor effects which were exerted by sympathetic stimulation or by the injection 
of adrenaline were abolished under the influence of ergot extracts; such were the 
contraction of the ileo-colic sphincter in the cat, the contraction of the base of the 
bladder and the urethra in the cat, the contraction of the pilomotor muscles, the 
contraction of the retractor penis in the dog. Dale observed, in addition, that cer- 
tain other motor effects were not merely abolished, but were converted to inhibitor 
effects. Thus the effect of adrenaline on the arteries of the cat, dog and ferret was 
changed from constrictor to dilator (though in the rabbit the constrictor effect 
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was merely abolished) ; the contraction of the cat spleen was changed to relaxation; 
the contraction of other muscles such is the internal anal sphincter of the cat, the 
fundus of the ferret’s bladder and the uterus of the pregnant cat was changed to 
relaxation. 

These results were explained by the hypothesis that the paralyzing effect of 
ergot was limited to those ‘‘myoneural junctions of the true sympathetic system” 
which were “of motor function, leaving those concerned with inhibition relatively 
or absolutely unaffected. The three types of reaction are then accounted for by 
saying that in the first group, the myoneural junctions being predominantly in- 
hibitor are not perceptibly affected: in the second group, being purely motor, they 
are simply paralyzed: in the third group being mixed, but predominantly motor, 
they undergo a reversal of function, since paralysis of the motor elements allows 
the emergence of a normally masked inhibitor effect.” 

We see here the assumption that a given myoneural junction has a fixed func- 
tion which may be motor or may be inhibitor, but which does not vary, and we 
see also how the assumption facilitates the explanation of the curious phenomena 
produced by the injection of ergot. . 

Site of the Junctions. Despite the passage of many years since this work was 
done, there has never been any clear evidence of the distribution of the two kinds 
of myoneural junction. The term myoneural junction indeed was no longer used, 
but the conception remained that, so far as the vessels were concerned, the action 
of a substance at one particular site was always the same. It is expressed in the 
well-known paper of Dale and Richards (23) on the vasodilator action of hista- 
mine in which, independently of Krogh, they arrived at the conclusion that there 
was active capillary tone. In this paper they gave a good deal of attention to ad- 
renaline, and in the summary they say: “‘We conclude that the vasodilator effect 
of histamine, and probably that of adrenaline are due to relaxation of the tone of 
the capillaries, while that of acetylcholine is due to action on arteries. Histamine 
has a constrictor effect on arteries; the better known vasoconstrictor effect of ad- 
renaline probably involves both arteries and capillaries. No exact line can be drawn 
at present as to the point where the characteristic arterial reaction gives way to 
the characteristic capillary reaction. No connection has been established between 
the vasodilator actions of histamine and adrenaline and any system of nerves.” 
The localization of the dilator action of histamine in the capillaries of the cat was 
shown later (Burn and Dale, 13) not to apply to the dog, for histamine was found 
to dilate the small arteries of the dog’s mesentery when perfused with blood. It 
was concluded that in the dog the change from constrictor to dilator action took 
place earlier in the vascular branching. 

These quotations serve to indicate the view still held that the structure of the 
receptor, which is regarded as constant at any one place, though varying from 
place to place, governs the effect of the active substance on the underlying muscle. 


VESSELS OF THE RABBIT EAR 


Acetylcholine. Evidence for constrictor and dilator effects in blood vessels when 
based on observations in the whole animal is, however, difficult to analyse. It is 
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better to study the phenomena in an isolated preparation of vessels and for this 
the rabbit ear preparation perfused with Locke solution is suitable when the simple 
though sensitive outflow recorder devised by Stephenson (56) is used. 

When the rabbit ear vessels are freshly perfused, the injection of acetylcholine 
causes vasodilatation in almost all experiments. With continued perfusion for 24 
hours the effect changes to one which is never seen in the normal circulation; acet- 
ylcholine then causes vasoconstriction (9). That acetylcholine can produce both 
effects has long been known, but attention has not previously been drawn to the 
fact that dilatation is the initial response and that it changes to constriction when 
the perfusion is prolonged, although the amount injected is the same. There are 
two exceptions to this general rule. One is that the change from dilatation to con- 
striction may not occur until perfusion has continued for 48 hours; the other is 
that the initial response when the perfusion begins may be constriction, and this 
response then remains, no matter for how long the perfusion continues. Thus the 
change which occurs is from dilatation to constriction; a change in the opposite 
sense has never been seen in the course of more than 30 experiments. 

Histamine and Adrenaline. The injection of histamine or of adrenaline into 
the rabbit ear vessels almost always causes constriction even when the perfusion 
has just begun; after it has continued for 24 hours the constrictor effect remains, 
but it is obtained with much smaller amounts; the sensitiveness is much greater. 
In an occasional preparation it has been found (14) that the initial reaction both 
to adrenaline and to histamine is vasodilatation, the reaction being repeatedly ob- 
tained to both substances; then after 24 hours perfusion the reaction to adrenaline 
and to histamine has become constrictor. 


LOCAL HORMONES IN ARTERY WALLS 


The change in the reaction of the rabbit ear vessels to acetylcholine during 
the course of perfusion has a certain resemblance to the change in the reaction of 
the rabbit auricles to acetylcholine when left in the bath for 24 hours or longer 
until the contractions cease. In both preparations the initial inhibitor response to 
acetylcholine gives place to a motor response, and the circumstances of the change 
are similar. When the auricles contract for many hours they gradually use up their 
reserves and lose diffusible substances into the surrounding fluid, which is 
constantly washed away. Likewise the continuous passage of Locke’s solu- 
tion through the ear vessels removes diffusible substances from the vessel walls. 
The metabolism of both auricles and blood vessels must steadily diminish, and with 
this diminution the change from the inhibitor to the motor action of acetylcholine 
may be linked. 

Is it then to be supposed that acetylcholine synthesis takes place in vessel 
walls as in auricular tissue? Acetylcholine has been detected and measured, to- 
gether with histamine and nor-adrenaline, by Schmiterléw (52) in the arterial and 
venous vessels of several species. The available evidence suggests that nor-adrenal- 
ine is present because of the sympathetic nerve supply. Thus Cannon and Lissak 
(17) found a substance which they thought was adrenaline in liver vessels freed 
from liver pulp. But when the hepatic nerves were cut and allowed to degenerate, 
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this substance was no longer found in the vessels. Moreover, v. Euler (28) found 
that a substance similar to but not identical with adrenaline, was present in many 
tissues, but not in the nerve-free placenta, and he suggested that the active sub- 
stance was in some way connected with the innervation. 

Acetylcholine on the other hand is present in the placenta, being synthesized 
there (18, 19, 20). Hence it is possible that the acetylcholine in blood vessel walls 
is also synthesized there, and unlike nor-adrenaline its presence is not due to the 
innervation. One or two experiments (unpublished) indicate that guinea-pig aorta 
when converted to an acetone-dried powder has the power to synthesize acetyl- 
choline. Hence there is a possibility that the inhibitory action of acetylcholine in 
the vessels, like that in the auricles, is a depression of synthesis, and that the stim- 


ulant action seen after long perfusion is due to the synthesis being at that stage 
suboptimal. 


ADRENALINE REVERSAL 


At present the evidence for the synthesis of acetylcholine as responsible for 
arterial tone is no more than suggestive, and it is therefore not possible to consider 
how far the effect of adrenaline and of histamine is a modification of the effect of 
acetylcholine which is synthesized. Certainly adrenaline and histamine affect the 
tone of the rabbit ear vessels in amounts very much smaller than does acetylcho- 
line, and this indicates that the former substances act directly rather than through 
the latter. 

The question of the adrenaline reversal must therefore be considered as a phe- 
nomenon involving adrenaline alone. Does the evidence from the perfused rabbit 
ear vessels indicate that there are two sets of receptors, one for constriction and 
one for dilatation, or is it possible to interpret the results in terms of one receptor 
only? Reversal of the constrictor effect in this preparation was first demonstrated 
by Rothlin (50) using ergotamine. Gowdey (41) showed that a reversal was also 
obtained with benzylimidazoline (Priscol) and Burn and Dutta (14) have used 
this agent in a study of the action of a series of compounds which included quin- 
idine, benadryl, procaine and pethidine (Demerol). 

Quinidine and quinine were shown by Nelson (47) to act like ergotamine in 
the cat, reversing the effect of adrenaline on the blood pressure. In 1926 Stake (55) 
had already shown that both substances reversed the action of adrenaline on the 
rabbit uterus, and Nelson confirmed this. It was therefore not surprising that Burn 
and Dutta (14) found that quinidine reversed the action of adrenaline in the rab- 
bit ear vessels. However they also found that quinidine itself, in the absence of 
other substances, possessed a constrictor action, and that this constrictor effect 
was converted to a dilator effect by benzylimidazoline. These observations were 
very suggestive. Benzylimidazoline was found to convert the constrictor action of 
quinidine to a vasodilator action just as it converted the constrictor action of ad- 
renaline to a vasodilator action. Quinidine also reversed the action of adrenaline 
in the same way. These facts indicated that the basis of the quinidine reversal, and 
therefore of all reversals, was competition. Quinidine attached itself to the recep- 
tors on which adrenaline acts and thus doses of adrenaline which formerly caused 
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constriction were now blocked and had no effect. The injection of larger amounts 
of adrenaline now removed some of the attached molecules of quinidine, but ad- 
renaline being in excess, produced inhibition. 

Burn and Dutta not only found that quinidine, but also procaine, benadryl 
and pethidine (Demerol) acted in the same way. Each of these substances could 
reverse the action of adrenaline; each substance also had a vasoconstrictor action 
which was reversed by benzylimidazoline. The simplest interpretation of their ac- 
tion was that they acted by competition with adrenaline, and that the vasodilata- 
tion was an inhibition due to excess. There seems no reason to doubt that the same 
explanation of competition applies to ergotoxine and ergotamine, and indeed it 
helps to explain an observation which is often made when ergotoxine is injected 
into the spinal cat, namely that the third or fourth injection of ergotoxine produces 
a transitory fall of blood pressure, just as adrenaline then does. These considera- 
tions lead to the conclusion that there is no need to postulate two sets of recep- 
tors, one for constriction and one for dilatation in the blood vessels. It is true that 
the existence of two sets of receptors provides a suitable explanation for the ergo- 
toxine reversal in the vascular bed with its changing anatomy. But this hypothesis 
requires the existence of two sets of receptors in the rabbit uterus in which the ac- 
tion of adrenaline is also reversed by ergotoxine. There is no good reason to sup- 
pose that a double nerve supply or a double set of receptors exists in this organ. 


POSITION OF NOR-ADRENALINE 


If we are to accept the view that adrenaline, histamine and acetylcholine are 
three substances each of which can produce vasoconstriction or vasodilation ac- 
cording to the circumstances in which it acts, what is to be said concerning nor- 
adrenaline, for evidence is accumulating that this substance is much more often 
the sympathetic transmitter than is adrenaline. Moreover, Schmiterléw found it 
present in most of the vessel walls which he examined, though he found adrenal- 
ine in the renal arteries of the horse. The view is commonly held that nor-adren- 
aline has little inhibitor action of any kind, and no vasodilator action, and if this 
is so it becomes difficult to suppose that inhibition in general is no more than the 
effect of excess. V. Euler (29), speaking of the sympathetic transmitter, the active 
“ergone,”’ says that it exhibits stronger stimulating properties than inhibitory ones, 
but stresses the important point that “‘there still is a definite inhibitory effect.” 
“Nor-adrenaline would be able to elicit most of the inhibitory effects with the pos- 
sible exception of the blood vessels where an inhibitor action is questionable.” 
It is true that as a rule nor-adrenaline does not relax the non-pregnant uterus of 
the cat, but the inhibitory effect on the intestine was noted by Greer, Pinkston, 
Baxter and Brannon (42), and has been confirmed by Burn and Hutcheon (15). 
They found that the inhibitory effect of L-nor-adrenaline was rather less than half 
that of L-adrenaline. In occasional cats nor-adrenaline is found to inhibit the non- 
pregnant uterus also, so that the inhibition regularly observed in the intestine is 
not observed in that organ alone. 

Recently Bilbring and Burn (10) have pointed out that nor-adrenaline has 
almost no effect on the normal nictitating membrane and that denervation 
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enhances the action of nor-adrenaline much more than that of adrenaline. Burn 
and Hutcheon (15) have made a similar observation on the pupil which they find 
is unaffected except by large doses of nor-adrenaline before denervation. 

The true statement concerning nor-adrenaline may then be, not that it lacks 
inhibitory actions, but that it lacks various actions both motor and inhibitory 
which are commonly possessed by adrenaline. So far as the pupil and the nictitat- 
ing membrane are concerned it acquires these actions when the organs are denerv- 
ated. Now if nor-adrenaline is the sympathetic transmitter it is to be expected that 
there is an enzyme system at the nerve ending capable of destroying it. The failure 
of nor-adrenaline when injected into the blood stream to exert an effect in organs 
like the pupil and the nictitating membrane (and perhaps also the non-pregnant 
uterus) may be due to the activity of the enzyme. According to this hypothesis 
adrenaline exerts an action on these organs because it is less readily destroyed by 
the enzyme. When the organ is denervated, the enzyme declines in amount, so that 
nor-adrenaline injected into the blood stream now exerts a large effect. 

Nor-adrenaline on Vessels. These considerations do not appear to apply to the 
heart and blood vessels to the same extent, for nor-adrenaline is closer to adrenal- 
ine in its action on this system, and does not require degeneration of the nerves 
before it is effective. Nor-adrenaline however has certain dilator actions. It dilates 
the coronary vessels of the cat as was shown by Marsh, Pelletier and Ross (46); 
it dilates the coronary vessels of the dog (15) being equal in effect to adrenaline. 
Burn and Hutcheon also found that small doses of nor-adrenaline caused dilata- 
tion of the vessels in an intestinal loop similar to the dilatation of the vessels 
caused by adrenaline, and likewise they found that nor-adrenaline dilated the ves- 
sels of the rabbit ear when a reversing agent was present. Only in the vessels of 
the denervated hind leg did nor-adrenaline cause constriction when adrenal- 
ine caused vasodilatation. 

A final decision on nor-adrenaline cannot yet be made. It is possible that it 
possesses inhibitory effects exactly like adrenaline, many being masked under nor- 
mal conditions by the innervation, and that its effects in vessels (with the excep- 
tion of the muscle vessels) are also the same. We can conceive that the purpose of 
the methylation of nor-adrenaline in the suprarenal gland (Biilbring, 7) is to form 
a compound which on liberation in the blood will function throughout the body 
in spite of the enzyme present at sympathetic nerve endings. 

A deviation may be permitted at this point to discuss the effect of denerva- 
tion further. 


EFFECT OF DENERVATION 


The increased sensitivity of denervated tissues to adrenaline has long been 
known, having been first described by Budge in 1855 (6). An even greater increase 
in sensitivity of denervated tissues to acetylcholine exists, particularly in skeletal 
muscle. This increased sensitivity is due in part at least to the decline in 
the amount of the enzyme which destroys the acetylcholine. This decline was dem- 
onstrated by v. Briicke (5) in the superior cervical ganglion in which the cholines- 
terase diminished after section of the preganglionic fibres some days before. 
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It is interesting to consider what this decline in enzyme concentration indi- 
cates. If the amounts of enzyme remain large only so long as the nerves 
to the organ are intact, the supply of enzyme may depend on the nerve impulses © 
which liberate the molecules of transmitter. When a molecule of the transmitter 
makes contact with a receptor group, the stimulation of the organ is effected by 
the change which involves the breakdown of the transmitter, and then it may be 
the receptor group becomes detached from the organ. Having thus become de- 
tached it remains nearby as a structure which can combine with and break down 
another molecule of the transmitter, without stimulation of the organ. Thus the 
receptor group may now be the receptor group of the enzyme. Such a hypothesis 
would explain the fall of enzyme concentration after denervation, and the observa- 
tion that substances (e.g. nicotine) which stimulate an organ also have an anti- 
enzyme (e.g. anticholinesterase) action. It would also explain the sensitization 
which certain drugs cause in isolated tissues. For example, it has been pointed out 
earlier that proguanil in very high concentration has itself a stimulant action on 
the frog rectus muscle; in medium concentration proguanil depresses the response 
of the frog rectus muscle to acetylcholine; in still lower concentration proguanil 
increases the response of the frog rectus to acetylcholine. This sensitization which 
proguanil causes in low concentrations such as 5 X 10 ~’ is explained if it is sup- 
posed that the molecules of proguanil combine with the detached receptor group- 
ings first of all, so that a greater proportion of acetylcholine molecules now attach 
themselves to the effective receptor groups on the organ. 


RELATION BETWEEN ACETYLCHOLINE, HISTAMINE AND NOR-ADRENALINE 


The general hypothesis here outlined is that tissue activity is locally controlled 
by the substances histamine, acetylcholine and nor-adrenaline or, in some tissues, 
adrenaline. The theory applies to cardiac and smooth muscle and probably to some 
of the secreting glands. The interrelation of the three substances enables a delicate 
balance between stimulation and inhibition to be maintained. Both stimulation 
and inhibition can be produced in any tissue by acetylcholine, and possibly by his- 
tamine and by nor-adrenaline (or adrenaline) also. Each tissue has one kind of re- 
ceptor through which stimulation or inhibition is produced, inhibition being the 
effect of excess. In the intestine both stimulation and inhibition can be achieved 
by acetylcholine alone, but inhibition requires enormous quantities of acetylcho- 
line; instead inhibition is normally achieved by adrenaline, perhaps because in its 
presence the motor effect of acetylcholine is inhibited with extreme ease as at the 
motor end plate in skeletal muscle (11). 

In the body acetylcholine is motor to all forms of muscle except the heart 
and blood vessels, but conditions have been described in which a motor effect can 
be demonstrated in both these tissues. Similarly conditions have been described 
in which acetylcholine causes inhibition in tissues in which it is normally motor. 

Too little is known of the action of histamine for much to be said about it as 
yet. Histamine seems to stand in function between acetylcholine and adrenaline; 
it stimulates the guinea-pig uterus like the former, and inhibits the rat uterus like 
the latter. Burn and Dale (13) showed that histamine intensified the action of acet- 
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ylcholine in the perfused tissues of the dog’s hind leg, and Bayer and Wense (3) 
showed that histamine potentiated the action of acetylcholine on the muscle of 
the leech; they concluded that histamine exerts an anticholinesterase action. 

Adrenaline, and nor-adrenaline also, may act by modifying the action of acet- 
ylcholine. Adrenaline may increase the effect of acetylcholine as in the rab- 
bit uterus, or convert it to inhibition as in the non-pregnant cat uterus. Only in 
the blood vessels does it seem to have an action of its own, since perfused vessels 
are caused to constrict by amounts of adrenaline one thousand times smaller than 
the minimum effective amount of acetylcholine. 

The close relation between the actions of acetylcholine, histamine and adren- 
aline is demonstrated by the observations that substances which antagonise one 
of these also antagonise the others. The substances quinidine, procaine, pethidine 
(Demerol), atropine and benadryl all reduce or abolish the action of acetylcholine 
on the frog rectus, the guinea-pig ileum, the rabbit auricles and the perfused cer- 
vical ganglion (Dutta, 27). They all reduce or abolish the action of histamine on 
the guinea-pig bronchioles, and finally they all act like ergotoxine and reverse the 
action of adrenaline on the vessels of the rabbit ear (14). 

Thus we find common properties shared by a local anesthetic like procaine, 
an analgesic like pethidine (Demerol), an antihistamine like benadryl, quinidine 
and atropine. All of them reduce or abolish or reverse the action of acetylcholine, 
of histamine and of adrenaline, and thus it is possible that they owe their medical 
usefulness to this power of modifying the action of these substances which we de- 
scribe as local hormones. Of course their antagonism is not the same for all three 
substances; thus the antihistamine compound benadryl reduces the action of his- 
tamine in smaller concentration than that in which it reduces the action of acet- 
ylcholine; nevertheless the concentration required to reverse the constrictor action 
of adrenaline to a dilator effect was found to be as small as 10 ug/ml. for benadryl, 
10 ug/ml. for pethidine (Demerol), 20 ug/ml. for quinidine. Only the concentra- 
tion of procaine was as great as the concentration of benzylimidazoline which is 
required (200 ug/ml.) to produce the same reversal. Thus on the rabbit ear vessels, 
benadryl, pethidine (Demerol) and quinidine are much more potent agents for re- 
versing adrenaline than benzylimidazoline (Priscol) although the latter is a recog- 
nized adrenaline antagonist. It remains to add that the evidence indicates that the 
action of these substances in reversing adrenaline vasoconstriction is due to com- 
petition. 


SUMMARY 


There is evidence that acetylcholine plays a role in regulating tissue activity 
locally, which has been studied in the auricles of the rabbit heart and in the in- 
testines. In the auricles acetylcholine is synthesized and is responsible for main- 
taining the rhythmic contraction, just as acetylcholine released by the motor nerve 
is responsible for the contraction in skeletal muscle. When the synthesis of acetyl- 
choline is optimal, the heart contracts efficiently; the addition of extra acetylcho- 
line at this point depresses the contractions because it depresses the synthesis. If 
auricles continue to beat until they are exhausted, synthesis declines, but the beat 
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and the synthesis can be restored by acetylcholine which then acts as an autocat- 
alyst. Thus acetylcholine has not only an inhibitory but also a stimulant action 
on the auricles, both being due to an action on acetylcholine synthesis. 

The antimalarial substance proguanil can arrest auricular contractions, and 
these can be started again by acetylcholine. The mechanism of this action is ex- 
plained. | 

Just as stimulant and inhibitory actions of acetylcholine can both be demon- 
strated in cardiac tissue, so both effects can be demonstrated in the smooth muscle 
of the viscera. High concentrations of acetylcholine inhibit smooth muscle. Simi- 
larly in the blood vessels acetylcholine has both a normal inhibitory or dilator ac- 
tion and a stimulant action which is seen in the vessels of the rabbit ear, after long 
continued perfusion with Locke’s solution. The relation of the motor and inhibi- 
tory actions of acetylcholine in smooth muscle is discussed. 

A hypothesis is put forward to explain the reversal of adrenaline action on 
the blood vessels by various reversing agents. The relation of the action of nor- 
adrenaline to that of adrenaline in various tissues is considered in the light of the 
effects of denervation. 

The general theory is propounded that acetylcholine, histamine and adren- 
aline act as local hormones, and that several medicinal agents such as procaine, 
quinidine, demerol and benadryl exert their effects by competing with these local 
hormones. 
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MODE OF ACTION OF ANTITHYROID COMPOUNDS 


ROSALIND PITT-RIVERS 
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HE FUNCTION of the thyroid gland is to synthesize its hormone and release it 

to the peripheral tissues; the active principle of this hormone is the iodine- 

containing amino-acid thyroxine whose constitution was shown by Harington 
and Barger (22) in 1927 to be §-[3:5-diiodo-4-(3’: 5’-diiodo-4’-hydroxyphenoxy)- 
pheny]] a-amino-propionic acid: 


I I 
I I 


The thyroid gland alone of all the organs of the mammalian body possesses the 
power of being able to concentrate iodine from the circulating blood; in the normal 
gland the concentration of iodide has been shown to be 25 times that of the serum. 
The iodide so collected must be oxidized to iodine before it can be organically bound 
in the protein; Harington in 1927 suggested that diiodotyrosine was the biological 
precursor of thyroxine and in 1944 (21) proposed the following scheme: tyrosine 
molecules in the thyroid protein are converted by the action of iodine to diiodo- 
tyrosine molecules; two diiodotyrosine molecules are then oxidatively coupled to 
yield one thyroxine molecule with the simultaneous loss of one dehydroalanine 
side-chain; hydrolysis of the latter would give pyruvic acid and ammonia; alterna- 
tively addition of water would give serine, but as no satisfactory evidence of the 
presence of either of these 3-carbon acids has yet been produced, the complete re- 
action as it occurs im vivo cannot be expressed. The hormone is liberated from the 
thyroglobulin molecule probably by the action of proteolytic enzymes into the circula- 
tion. There has been much speculation in the past on the nature of the circulating 
hormone: whether it is a protein, a polypeptide or the amino-acid itself. Taurog and 
Chaikoff (48) have produced much evidence that the circulating thyroid hormone is 
indeed free thyroxine: these authors found that plasma iodine labelled with I’ was 
extractable with n-butanol at the pH of plasma, and remained in the butanol after 
re-extraction with sodium hydroxide solution (cf. Leland and Foster, 31); plasma 
iodine, like thyroxine, was precipitated together with plasma protein by the action 
of zinc hydroxide; plasma iodine, like thyroxine, could not be dialyzed; plasma iodine 
followed carrier thyroxine when the latter was fractionated between immiscible 
solvents. On the other hand Salter and Johnston (44) have produced experimental 
evidence indicating that the circulating thyroid hormone does not behave like free 
thyroxine: they found that the plasma iodine of a naturally hyperthyroid patient 
did not behave chemically in the same way as the plasma iodine of normal and 
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myxoedematous subjects to which thyroxine had been added. Laidlaw (28) has 
recently shown, with the aid of paper partition chromatography, that a large amount 
of the iodine in the plasma of rats is contained in thyroxine, thus confirming the 
findings of Taurog and Chaikoff. 

Intimately linked with the thyroid gland is the anterior pituitary gland, one of 
whose secretions, the thyrotrophic hormone, controls the activity of the thyroid and 
promotes the synthesis of thyroid hormones; this in its turn exerts a depressant 
action on the pituitary so that the two glands may be considered as controlling one 
another. 

Antithyroid compounds are those which inhibit the normal function of the 
thyroid gland; they may act directly on the thyroid itself at any one of the stages of 
hormone production: 7) the collection of iodide from the circulation; 2) the synthesis 
of thyroid hormone; 3) the release of hormone to the tissues. Antithyroid compounds 
may also act indirectly on the thyroid through the pituitary gland, or possibly on the 
thyroid hormone after it has left the thyroid. Lastly thyroid function may be inter- 


TABLE I. 
COMPOUNDS INHIBITING COLLECTION COMPOUNDS INHIBITING HORMONE COMPOUNDS INHIBITING THYROID 
OF IODIDE BY THYROID SYNTHESIS DIRECTLY OR INDIRECTLY BY TISSUE DESTRUCTION 
Thiocyanate Iodide Radioactive iodide 

p-Aminobenzoic acid jp 
Sulphonamides 
Thiourea 
Thiouracils 
Aminothiazoles 
2-Mercaptoimidazoles 
? Thiocyanate 


fered with by destruction of thyroid tissue. The more common antithyroid compounds 
are classified in table 1. 

A comprehensive article on the mechanism of action of some antithyroid com- 
pounds has been published by Astwood (8), reviewing the literature up to 1947; 
further work on this subject which has appeared since then will now be discussed, 
together with some of the earlier work. 


INHIBITION OF IODINE-CONCENTRATING MECHANISM OF THE THYROID 


Thiocyanate. The first experimental observation of the antithyroid properties of 
potassium thiocyanate was made in 1936 by Barker (13), who found that several 
patients who were being treated with thiocyanate for hypertension developed many 
of the signs of myxoedema together with enlargement of the thyroid gland; this 
effect could be rapidly reversed by administration of small doses of thyroid. Barker’s 
observations have since been confirmed in man, and the antithyroid action of thio- 
cyanate in animals has also been demonstrated. Further investigation (6) has shown 
that the thiocyanate effect can be counteracted by administration of iodine alone: 
thyroid hormone is not necessary for this purpose. This means that thiocyanate 
interferes with thyroid function at the stage of iodine-concentration: if sufficient 
iodine is given to overcome the thiocyanate effect, hormone synthesis will occur 
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normally, although Raben (42) has recently found that very large doses of thiocyanate 
may inhibit the organic binding of iodine in the rat’s thyroid to some extent. Vander- 
laan and Vanderlaan (51) demonstrated moreover that thiocyanate caused the dis- 
charge of iodide already concentrated in the thyroid, and suggested that thiocyanate 
prevents the maintenance of an iodide gradient between the thyroid and serum; 
Raben (42) has now shown that even large amounts of thiocyanate will not reduce 
the thyroid serum iodide ratio below a value slightly greater than 1. It is known 
(8, 54) that the thyroid does not maintain any concentration gradient of thiocyanate 
ion against the plasma, but Wood and Williams (54) have found that thiocyanate 
sulphur is metabolized by thyroid tissue and fixed by it in organic combination 
whereas other tissues such as plasma, liver, muscle, etc., do not fix thiocyanate 
sulphur; this binding of thiocyanate sulphur by the thyroid is inhibited by pre- 
treatment of the animal with thiouracil. A preliminary report has been made by 
Easterwood and Wood (17) that tyrosine reacts with thiocyanogen to give thio- 
cyanotyrosine; this last reaction would help to explain the interference of thiocyanate 
with hormone synthesis (as observed by Raben) but does not throw any light on the 
inhibition of the iodine concentrating mechanism of the thyroid. An attempt has 
been made by Wood and Williams to indicate a means whereby thiocyanate might 
obstruct iodine concentration: in the normal gland, iodide is first held in loose re- 
versible protein combination similar to a substrate-enzyme complex. Enzymatic 
action on the iodide converts it to iodine which then reacts with the protein; thio- 
cyanate may displace iodide from the enzyme complex and take its place, later to be 
(partly) fixed itself in organic combination. This tentative explanation still leaves 
unresolved the essence of the problem; how an ion such as thiocyanate which only 
diffuses into the thyroid can displace an ion such as iodide which is present in the 
thyroid in a relatively enormous concentration. It is likely that this problem will 
remain unsolved until the physicochemical or biological factors controlling iodide 
concentration by the thyroid have been elucidated. 


ANTITHYROID COMPOUNDS CONTROLLING HORMONE SYNTHESIS 


Iodide. It has long been known that iodide was effective in suppressing at least 
temporarily the hyperactivity of the thyroid gland such as is found in Graves’ 
disease, but the mode of action of iodide in controlling this hyperfunction has been 
and still is a puzzle; it must appear paradoxical that a gland which is manufacturing 
an excess of hormone should be quieted by supplying it with an excess of the element 
(iodine) which is essential for hormone synthesis. Astwood (8) has put forward an 
ingenious hypothesis to explain this phenomenon; he suggests that in Graves’ disease 
the thyroid gland is in negative iodine balance since the turnover of iodine incurred 
by increased hormone production is so large—the iodine supplied to the gland is not 
adequate for its excessive demands and the gland is therefore stimulated by this 
apparent iodine deficiency to more and more activity. Astwood suggested that 
administration of iodine in excess of the normal supply to such a gland would cause 
some atrophy of thyroid function with consequent diminution of the gland’s activity. 

It is only quite recently that Wolff and Chaikoff (55) have demonstrated that 
iodide above a certain concentration in the plasma will inhibit the incorporation of 
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iodine into the normal glands in vivo: rats were injected with varying doses of radio- 
iodide and the amount incorporated after different intervals of time, both as diiodo- 
tyrosine and thyroxine, was determined; the rats receiving the smaller dose of admin- 
istered iodide (10 y) had after an interval of 5 hours bound 60 per cent of it, whereas 
rats receiving the larger doses (50, 100, 200 ) failed to bind any significant amount 
in this time. Stanley (47) has recently confirmed this finding in man. 

Morton, Chaikoff and Rosenfeld had previously shown (38) that iodide was able 
to inhibit the in vitro activity of thyroid slices towards thyroxine synthesis and 
discussed different explanations of this effect: excess of iodide might lead to the 
inactivation of the oxidative enzyme responsible for the conversion of iodide to io- 
dine and in this connexion they recalled Herriott’s (24) work on the inactivation of 
pepsin by iodine; excess of iodide might disturb the optimal conditions for iodination 
of tyrosine at a biological px; Li (33) had found that at pH 7.4 the iodination of ty- 
rosine was governed by the concentration of hypoiodous acid in the system. Now 
the formation of HOI from iodine and water is a reversible one: 


I. + HO = HIO + 


and it is evident that the greater the concentration of iodide the smaller will be the 
amount of hypoiodite; hence the iodination of tyrosine would be depressed in a 
system containing high iodide concentration. 

Johnston and Tewkesbury (25) considered that during the conversion of diiodo- 
tyrosine to thyroxine in vitro, hypoiodite was the oxidizing agent responsible for the 
reaction; hence, excess of iodide would depress this stage of thyroxine synthesis as 
well, by diminishing the concentration of effective oxidizing agent. De Robertis and 
Nowinski (16) conclude that the therapeutic action of iodide is due to the inhibition 
of the proteolytic enzyme system responsible for the release of the hormone from the 
gland. Wright and Trikojus (56) believe that the excess of iodide reacts (as iodine) 
in the thyroid with the thyrotrophic hormone thereby inactivating it and leading to a 
consequent decrease in thyroid stimulation. Rawson and his colleagues (see Albert 
et al., 1-3) have demonstrated that the thyrotrophic hormone is inactivated by iodine 
and can be reactivated by various reducing agents including several thiocarbamides. 
This last observation is somewhat surprising and requires some explanation. This 
inactivating action of iodine on biologically active proteins has been demonstrated 
before; Harington and Neuberger (23) inactivated insulin almost entirely by iodina- 
tion under conditions which would substitute 3:5-diiodotyrosine for the original 
tyrosine molecules but should not greatly alter the protein otherwise; the activity of 
the iodinated insulin was moreover partly restored by catalytic deiodination (in- 
complete), the activity of the deiodinated hormone being roughly proportional to the 
amount of iodine removed or the amount of original tyrosine restored. Herriott (24) 
has shown that pepsin can be partially or completely inactivated by iodination of 
its tyrosine molecules, the inactivation being proportional to the amount of tyrosine 
iodinated. In both these instances, inactivation is due to the substitution of one 
amino-acid (diiodotyrosine) in the protein for another (tyrosine); but in Rawson’s 
experiments, it cannot be supposed that such a reaction has occurred, since thio- 
carbamides are not able to effect such a reduction as is required to obtain tyrosine 
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from diiodotyrosine. That a small amount of substitution has indeed taken place is 
indicated in some early work (3); after iodination (and inactivation) of thyro- 
trophic hormone by iodine, extraction of the inactive protein with acetone removed 
60 per cent of the iodine and caused reactivation of the protein. The remaining un- 
extractable iodine was presumably bound in organic combination to the protein but 
had not sufficiently altered the protein to remove its biological activity. It seems 
likely that the inactivation observed by Rawson and his co-workers was due to the 
adsorption of iodine on the protein molecule which could alter the surface structure 
to a great extent. However, removal of this iodine could be effected either by physical 
means (solution in acetone) or chemically (by reduction to iodide). 

Morton, Perlman, Anderson and Chaikoff (39) have shown that in hypophy- 
sectomized animals, the conversion of radio-iodide to radio-diiodotyrosine is not 
greatly inhibited but that the conversion of radio-diiodotyrosine to radio-thyroxine 
is depressed to a considerable extent; inactivation of the thyrotrophic hormone may 
therefore interfere with thyroid hormone synthesis at the last stage, the oxidative 
coupling of diiodotyrosine to thyroxine. This interesting finding of Morton et al. 
suggests that the formation of thyroxine from diiodotyrosine in the thyroid may not 
be simple chemical transformation which might be presumed to occur from in vitro 
experiments. Pitt-Rivers (40) has shown that certain derivatives of diiodotyrosine 
yield relatively large amounts of the corresponding thyroxine derivatives during 
simple aerobic incubation at a biological pu, and it has been suggested that it is un- 
necessary to assume an enzymatic mechanism for a reaction which occurs with such 
ease in vilro; but the experiments mentioned above point to a more complicated 
series of reactions: the continued fixation of iodine into diiodotyrosine after hypophy- 
sectomy indicates the existence of one enzyme system which is not greatly affected 
by the absence of the thyrotrophic hormone. The almost complete absence of thy- 
roxine formation indicates the possible existence of a second enzyme system, which is 
unable to function in the absence of thyrotrophic hormone; however, other mecha- 
nisms of a simple chemical nature can be imagined: after hypophysectomy the 
amount of iodide concentrated by the thyroid is greatly diminished (30, 39) and 
even if this iodide is as effectively absorbed into diiodotyrosine as in the normal 
animal, there may not be enough free iodine (or hypoiodite) present for the oxidation 
of the diiodotyrosine molecules; alternatively the diiodotyrosine molecules them- 
selves may be too widely scattered throughout the thyroglobulin to permit of access 
to each other for the coupling reaction which yields thyroxine. The mechanism 
whereby iodide exerts its inhibiting action on the thyroid is not yet explained. 


ANTITHYROID DRUGS 


In 1943, Astwood and his colleagues (11) and MacKenzie and MacKenzie (36) 
simultaneously reported that certain sulphonamides and thiouracils caused hyper- 
plastic changes in the thyroid, accompanied by loss of colloid and lowering of the 
BMR;; these effects could not be abolished by the simultaneous administration of 
iodide (as in the case of thiocyanate) but could be controlled by the administration 
of thyroxine. It appeared therefore that these drugs interfered, not with the iodine- 
concentrating mechanism of the thyroid, but with hormone synthesis. Many other 


| 


April 1950 MODE OF ACTION OF ANTITHYROID COMPOUNDS 199 


workers have since produced evidence supporting this theory and it has moreover 
been shown (51, 49) that under the action of thiouracil, the hyperplastic gland will 
concentrate enormous amounts of iodide, but is unable to fix it in organic combination. 
The great importance which the antithyroid drugs have assumed in the treatment of 
thyrotoxicosis has naturally led to much interest in and intensive work towards the 
elucidation of their action and a number of theories have been propounded. These 
may be divided roughly into two groups: theories which advocate the indirect action 
of the antithyroid drugs, for example on enzyme systems in the thyroid responsible 
for thyroxine synthesis, and theories which advocate the direct action of these drugs 
on hormone synthesis by virtue of their antioxidant properties which may prevent 
both the oxidation of iodide to iodine and the coupling of ne to thyroxine. 
These theories will now be examined in some detail. 

The synthesis of the thyroid hormone can be expressed as a ineneeaii reaction: 
1) the conversion of iodide to iodine which is generally regarded as an enzymatic 
oxidation; 2) the iodination of tyrosine to diiodotyrosine and 3) the oxidative 
coupling of two molecules of diiodotyrosine to one molecule of thyroxine which may 
or may not be due to enzymatic action. The nature of the oxidizing enzyme or enzymes 
responsible for this series of reactions is not yet known although much work has been 
done towards this end. Schachner, Franklin and Chaikoff (45) showed that the con- 
version of iodide to diiodotyrosine and thyroxine was inhibited by cyanide, azide and 
sulphide and thought that since these compounds poison the cytochrome-cytochrome 
oxidase system, this system was the one responsible for the oxidation of iodide to 
iodine; later, however, Lerner and Chaikoff (32) demonstrated that p-aminobenzoic 
acid, the sulphonamides and thioureas had no effect on the respiration of thyroid 
tissue, from which it followed that their action was not due to inhibition of this 
enzyme system; this was confirmed by Glock (19) who found that thiouracil did not 
inhibit cytochrome oxidase activity. Keston (26) showed that the iodination of 
tyrosine in casein could be achieved from iodide in the presence of xanthine oxidase 
and that the reaction was inhibited by thiourea; he concluded that the Schardinger 
enzyme may be involved in biological iodinations. Westerfeld and Lowe (52) sug- 
gested that peroxidase, which effected the oxidation of p-cresol in the presence of 
peroxide in vitro might also be responsible for the oxidative coupling of diiodo- 
tyrosine to thyroxine im vivo; furthermore, peroxidase could liberate iodine from 
iodide and had been shown to be inhibited by sulphonamides, thiourea and thiouracil. 
Nevertheless, although Dempsey (15) found that thyroid cells gave histo-chemical 
reactions typical of peroxidase reactions, neither Glock (18) nor Astwood (7) were 
able to isolate peroxidase from or demonstrate its presence in the thyroid. Tyrosinase 
is also inhibited by certain antithyroid compounds, but no evidence of its presence 
in the thyroid, or in any other normal mammalian tissue, has yet been produced. 
It is evident therefore that all these theories lack experimental support. 

Other indirect mechanisms have also been proposed to explain the mode of action 
of antithyroid drugs. Rawson and his colleagues (Albert e¢ a/., 3, 4) have found that 
thyrotrophic activity of pituitary extracts can be augmented by exposure to certain 
reducing compounds including several antithyroid compounds. This augmentation 
was demonstrable when the dose of antithyroid compound used was inactive on test 
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animals’ thyroids when given alone. The effect was also demonstrable in vivo: test 
animals receiving goitrogens showed an augmented response to a standard dose of 
thyrotrophic hormone compared with untreated animals. Kopf, Loeser and Meyer 
(27) have found that administration of methyl-thiouracil to rats causes changes in 
the pituitary gland such as loss of weight of the gland and a decrease of thyrotrophic 
hormone production. Andik, Balogh and Donhoffer (5) have shown that methylthio- 
uracil inhibits the action of small doses of administered thyroxine in thyroidectomized 
rats, and suggest that the antithyroid drugs may act on the circulating thyroid hor- 
mone as well as on the thyroid gland itself. The cause of such a phenomenon is at 
present obscure, since it would probably entail a direct reaction of the thiocarbamide 
molecule with thyroxine itself, and no such reaction is known. It may however be 
worth mentioning in this connection that Pitt-Rivers (41) found that during the incu- 
bation of N-acetyl-1-diiodotyrosine with thiourea, an amorphous by-product was 
- obtained which appeared to be a phenolic amino-acid derivative and contained both 
iodine and sulphur (unpublished data). 


DIRECT CHEMICAL MECHANISM 


The greatest weight of experimental evidence has, in the author’s opinion, been 
brought to the support of the theory of direct chemical (reducing) action of antithy- 
roid drugs, insofar as the thiocarbamides are concerned; no satisfactory explanation 
has yet been propounded to explain the activity of the sulphonamides and p-amino- 
benzoic acid. 

In 1943, Gyorgy, Stiller and Williamson (20) suggested that there might be a 
relationship between the antioxygenic properties of thiourea and related compounds 
and their effect on the metabolism of the thyroid gland, but no mechanism was sug- 
gested. In 1944, Campbell, Landgrebe and Morgan (14) proposed that the inhibitory 
action of thiourea depended upon its rapid reaction with iodine to give formamidine 
disulphide hydroiodide. In the presence of thiourea, any iodine liberated in the gland 
would react immediately in this way and would not be available for the iodination 
of tyrosine. 


NH HN NH 
2 HS—C +h C—s—s—c - 
/ \ 
NH; H,N NH; 


In the following year, Miller, Roblin and Astwood (37) showed that thiouracil is 
oxidized in bicarbonate buffer by iodine to its disulphide; they further demonstrated 
that in general highly active antithyroid compounds react rapidly under these 
conditions with iodine while the feeble goitrogens such as p-aminobenzoic acid and the 
sulphonamides react (if at all) only slowly with iodine. 

Finally, Miller, Roblin and Astwood showed that the iodination of tyrosine at 
pH 7.4 can be completely inhibited by thiouracil. So far then, the chemical evidence 
indicates that antithyroid drugs owe their activity to their prevention of the second 
stage of hormone synthesis, the iodination of tyrosine. 

The third stage of hormone synthesis, the coupling of diiodotyrosine to thyroxine 
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can also be inhibited in vitro by antithyroid compounds. Pitt-Rivers (41) has shown 
that the conversion of N-acetyl-L-diiodotyrosine to N-acetyl-L-thyroxine by simple 
aerobic incubation at pH 7.5 can be inhibited to a greater or lesser degree by different 
types of antithyroid compounds; the amount of inhibition depends upon two things, 
the amount of inhibitor used and the nature of the inhibitor. Pitt-Rivers also showed 
that a close parallelism existed between the in vitro activity of the drug and their in 
vivo activity as determined in man and other animals. Powerful antithyroid drugs 
were strong inhibitors im vitro while the aniline derivatives which have only slight 
antithyroid action in animals were weak inhibitors in vitro; ergothioneine alone gave 
anomalous results since it was one of the most powerful inhibitors tested by Pitt- 
Rivers, whereas its activity in vivo, as found by Lawson and Rimington (29) has not 
been confirmed; neither Astwood and Stanley (10) nor Wilson and McGinty (53) 
find that it has any antithyroid activity in animals. The in vitro activity of ergo- 
thioneine therefore calls for some comment and can probably be explained on the 
grounds that all strongly reducing substances will inhibit an oxidative reaction if they 
are present in an effective concentration; in the body however, their activity is largely 
conditioned by their accessibility to the thyroid gland, which could be prevented by 
factors such as their too rapid excretion or their metabolism by other tissues. Thio- 
sulphate itself was found by Biancalana (12) to have marked goitrogenic properties 
when injected either intravenously or into the thyroid parenchyma of thyrotoxic pa- 
tients, but no claims have yet been put forward for its goitrogenic properties when 
administered by other routes. 

Taurog, Chaikoff and Franklin (50) have investigated the action of 40 com- 
pounds structurally related to the sulphonamides and p-aminobenzoic acid on the 
conversion in vitro of radio-iodide to radio-diiodotyrosine and thyroxine by surviving 
thyroid slices and have found that a definite correlation exists between the ease of 
oxidizability of the compound and its inhibitory activity: compounds possessing a 
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free aromatic group (e.g., the aminobenzoic acids, sulphanilamide) or a free hydroxyl 
group (hydroquinone) were more active than the corresponding acetylated or methyl- 
ated derivatives. 

The antithyroid action of any compound may therefore be expressed as a func- 
tion of its reducing power and preferential reactivity with iodine, which inhibits the 
formation of diiodotyrosine in the gland and may also inhibit the formation of thy- 
roxine in the second place. In the case of the thiol drugs which all possess the thio- 


‘TABLE 2. INHIBITION OF ACETYLTHYROXINE FORMATION IN VITRO 


INHIBITOR (M. EQUIVALENTS) INHIBITION % INHIBITOR (M. EQUIVALENTS) INHIBITION % 
2-Thiouracil 2-Aminothiazole 
0.04 45 62 
0.1 74 
6-Amino-2-thiouracil 2-Mercapto-4-methylimidazole 
0.04 5 65 
38 
Thiourea Ergothioneine 
0.2 64 0.04 34 
98 
Tetramethyl-thiourea p-Aminobenzoic acid 
73 1.0 67 
Sulphanilamide 71 
1.0 


carbamide group, (see below) the reactivity with iodine is so great that the inhibition 
may be believed to occur entirely at the stage of diiodotyrosine synthesis. In the case 
of the sulphonamides and p-aminobenzoic acid, their very slight, indeed almost negli- 
gible reactivity with iodine at a biological px precludes this simple explanation. 


Thiocarbamide derivatives Aniline derivatives 
SH SH 
| | NH: 
Cc 
HN 2 
HC CH COOH 
thiourea 2-mercapto-imidazole p-aminobenzoic acid 
Cc S NH: 
ZN * 
HN 
| 
O=C CH N——— CH 
SO, 
Cc | 
NHR 
H 


2-thiouracil 2-aminothiazole sulphonamides 
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Maybe these drugs act on the third stage of hormone synthesis, the formation of 
thyroxine, which is slow compared with the second stage, or on the enzymatic oxida- 
tion of iodide to iodine, but their activity does not necessarily depend upon the same 
mechanism: for example MacKenzie (35) has shown that in the rat the goitrogenic 
activities of thiouracil and of p-aminobenzoic acid are depressed by the administration 
of iodide whereas that of sulphaguanidine is not—it is in fact somewhat augmented 
by a high level of ingested iodide. Furthermore, Roberts (43) has found that tyrosi- 
nase activity is inhibited by thiourea and p-aminobenzoic acid but is not affected by 
the sulphonamides, and although the presence of tyrosinase has not been demon- 
strated in thyroid tissue, it is possible that other oxidative enzyme systems may 
show some such specificity towards the different antithyroid compounds. Whether 
such differences are merely quantitative or whether they represent a different mech- 
anism of action cannot be ascertained until more experimental evidence is available; 
the facts do not at present warrant further speculation. 

Astwood, Greer and Ettlinger have quite recently (9) announced the isolation of 
an antithyroid compound from the yellow turnip, whose constitution they have 
shown, by synthesis to be L-5-vinyl-2-thio-oxazolidone. 


H,C NH 


CH,==CH—CH C=S5 


L-5-vinyl-2-thio-oxazolidone 


This compound does not possess the thiocarbamide grouping but is a cyclized deriva- 
tive of an isocyanate. This is the first natural goitrogen to be characterized. An 
interesting suggestion has been made by Libermann (34) as to the possible biological 
precursor of L-5-vinyl-2-thio-oxazolidone: A*-Buteny] isothiocyanate is known to be 


found in many cruciferae and particularly in rape-seed; this compound on oxidation 
could be represented as yielding the oxazolidone: 


CH.=CH—CH, C=S — CH,=CH—CH C=s 
+0 0 


RADIO-IODINE 


It is nearly 50 years since Roentgen rays were first used in the treatment of 
goiter and for some 20 years after that there have been a considerable number of 
reports on the use of Roentgen rays for the control of thyrotoxicosis. Within the last 
10 years, a far more suitable tool for the radiation treatment of thyroid disease has 
appeared: the isotopes of iodine I*° and I'*!. The radioactive iodine isotopes have 
the great merit in the treatment of thyroid disease that they will be localized in the 
gland itself by virtue of the thyroid’s unique power of concentrating iodine from the 
circulation, and thus the destruction of other tissues is to a large extent precluded. The 
mode of action of radio-iodine in controlling thyroid function is still not clear—the 
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overall effect is one of general destruction of the tissue leading to a condition similar to 
partial and in some cases total thyroidectomy. A beginning has however been made 
by Skanse (46) in the detailed investigation of the effects of radiation on the different 
thyroid functions. This author has studied in the chick the effect of small and large 
doses of I’ on the growth, the iodine-concentrating capacity and response of the 
thyroid to antithyroid drugs (thiouracil) and to stimulation by the thyrotrophic 
hormone and has found that all these functions are affected though in different degree, 
according to the radiation dose given. Further work will have to be done before the 
specific action of radiation on different parts of the thyroid are sorted out but the 
overall effects will still be due to destruction rather than control. 
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PROTEIN TURNOVER AND INCORPORATION OF LABELED 
AMINO ACIDS INTO TISSUE PROTEINS IN VIVO 
AND IN VITRO’ 


HENRY BORSOOK 


From the Kerckhoff Laboratories of Biology, California Institute of Technology 
PASADENA, CALIFORNIA 


OON AFTER WORKERS LEARNED to do experiments with enzymes the at- 
tempts began to synthesize proteins in vitro. In 1930 Wasteneys and Bor- 
sook (1) reviewed what was known in this field at that time. All the work 

was based on the assumption of reversal of proteolysis in concentrated peptic and 
tryptic digests of protein. Pepsin was commonly used and an insoluble precipitate 
called plastein was obtained. The evidence indicated that peptide bonds are re- 
constituted in plastein formation; plastein was obviously different from the pro- 
tein that was originally hydrolyzed. Folley (2) questioned whether peptide bonds 
were reconstituted in plastein formation. Salter and Pearson (3) and Collier (4) 
confirmed the original findings; Collier used papain and crystallin pepsin. 


PLASTEIN FORMATION 


Voegtlin et al. (5) reported that after fibrin had been digested under nitrogen 
by papain, synthesis occurred when the nitrogen was replaced by oxygen. The con- 
centration of hydrolysis products necessary for reversal of proteolysis was much 
lower than in the plastein experiments, 0.6 as against 7 per cent, and as in the plas- 
tein formation, the degree of reversal became greater the less the fibrin had been hy- 
drolyzed before the conditions for reversal were instituted. The interpretation Voegt- 
lin e¢ al. gave their results has been questioned by Strain and Linderstrém-Lang 
(6). 

The underlying assumption in the plastein work and to some extent in that 
of Voegtlin et al. was that the equilibrium constant in the hydrolysis of peptide 
bonds was of such an order of magnitude that a sufficiently high concentration of 
split products could be attained to permit their enzymatic recombination by mass 
action. When, later, the free energy of formation of several peptide bonds was de- 
termined (7) it was seen that this assumption was mistaken as far as its general 
validity is concerned. The equilibrium is so far over in the direction of hydrolysis 
that at no attainable concentration of the split products could reversal occur to 
any demonstrable extent. 

Two possible exceptions remained in which demonstrable reversal of peptide 
bond hydrolysis by mass action might occur. One is that in which the reconstituted 
peptide is so insoluble that it would remove itself from the reaction as it was formed 


1 Written as part of a project under the joint sponsorship of the United States Atomic Energy 
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by precipitation, and thus its insolubility would carry the reaction in the direction 
of synthesis. The other special case is where, because of a peculiar configuration 
about a peptide bond, its free energy of formation is so low that its reconstitution 
by mass action is attainable. These two possibilities were realized by Bergmann 
and his collaborators (8). They synthesized benzoylated and carbobenzoxylated 
peptide amides and anilides by means of papain and chymotrypsin. Plastein for- 
mation may belong in this category. 

In the experiments of Bergmann eé¢ al. synthesis of a new peptide was an in- 
termediate stage in the hydrolysis of one of the original peptide substrates; the 
insolubility of the intermediate stopped the reaction at that point. From these 
findings Bergmann suggested that protein and peptide synthesis may occur in vivo 
by similar mechanisms. The argument against this is that the free energy of for- 
mation of the peptide bond must be supplied through coupling with a reaction 
which yields free energy to form reactive intermediates of amino acids. Such an 
intermediate may be analogous to the benzoylated and carbobenzoxylated amino 
acids which were the starting materials in Bergmann’s experiments. And although 
the physiological intermediate may be analogous in an energetic sense it can hardly 
be the same as the substrates Bergmann used. The problem, then, is to find the 
physiological intermediates, which is very near to, if not the same position as when 
it was found that to form most peptide bonds, coupling with a free-energy con- 
tributing reaction is required. 

Linderstrgém-Lang (9) suggested a model mechanism of peptide synthesis which 
did not call for the action of proteases. The author recognized that to clarify the 
problem study of coupled reactions in the metabolism system would be needed. 

The synthesis of protein in vivo in animals has been reviewed by Alcock (10) 
and in plants by Petrie (11). No new knowledge was available when these reviews 
were written on the crucial question of mechanism. 


PROTEIN TURNOVER IN VIVO 


Protein synthesis is a slow reaction whether it is measured as net gain of pro- 
tein in a growing animal or as turnover where the amount of protein remains the 
same. It is slow, that is, when compared with the rates of ordinary chemical re- 
actions; from the biological point of view its speed is still something to wonder at. 
Because the reaction is so slow in absolute terms, it was impossible to study the 
process in any detail in vivo, let alone im vitro, until isotope-labeled amino acids 
could be synthesized and used. With N’*-labeled amino acids a few milligrams of 
nitrogen suffice to measure protein turnover even in a tissue where it is slow; la- 
beled with C™ micrograms of a labeled amino acid suffice. 

Schoenheimer (12) has summarized the findings with deuterium- and N!-la- 
beled amino acids as tracers of protein turnover in vivo. Workers in the Columbia 
laboratory confirmed and extended the view put forward by Borsook and Keighley 
(7) that the rate of breakdown and concomitant resynthesis of protein in an ani- 
mal in nitrogen balance is far greater than was envisaged in Folin’s theory of en- 
dogenous and exogenous protein metabolism. This work and the clarification of 
the problem of creatine (13-15) and of creatinine (16-18) formation cut away all 
the support of Folin’s theory. 
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Schoenheimer e al. (19) estimated that in an adult rat the half-life of the liver 
proteins was about 7 days; this estimate was obtained by means of leucine labeled 
in a stable position with deuterium as a tracer. Shemin and Rittenberg (20) used 
the rate of disappearance of N’* from the proteins after the animal’s tissue pro- 
teins had been charged with the isotope as a measure of metabolic activity. They 
obtained the same figure of 7 days for the half-life of liver protein in the rat. They 
also found that muscle, the turnover of which as a whole is much slower than that 
of the viscera, consists of a small fraction that turns over its protein as rapidly as 
that of the viscera, and of a larger metabolically inert fraction. 

Sprinson and Rittenberg (21) carried this investigation further. They de- 
veloped an equation for estimating in an animal in nitrogen balance the rate of pro- 
tein synthesis and the size of the metabolic pool of nitrogen. The equation is 


(x 


Az = Eis 
where Ay» = mEq. of N” introduced at zero time, Ag = mEq. of N* excreted, S = 
gm. of protein synthesized into protein per day, P = gm. of nitrogen in the met- 
abolic pool, and ¢ = time in days. 

Xo, Az, E and ¢ are experimentally determinable quantities; with them S and 
P can be evaluated by means of the equation. The rate of protein synthesis and 
size of the metabolic pool in the rat and in man were measured by this method 
and the following estimates were made. In the rat the half-life of the total pro- 
tein is 17 days; of the liver, plasma and internal organs 6~7 days; and of the car- 
cass proteins 21 days; in man, total protein, 80 days, liver and serum proteins 10 
days; lung, brain, bone, skin but mostly muscle, 158 days. The metabolically inert 
fraction appears to constitute a larger fraction of the muscle proteins in man than 
in the rat. , 

The above values on the rat and in man were based on the rate of urinary ex- 
cretion of N**-compounds, chiefly urea, after feeding N'*-glycine. It is to be hoped 
that the authors will continue this investigation and check the turnover values 
with other N’°-labeled amino acids. 

The foregoing experiments necessarily ran over a number of days. With S** 
and especially with C* it is possible to follow the incorporation of a labeled amino 
acid into the proteins hourly im vivo or in vitro. The results obtained, discussed in 
detail below, although they agree with the foregoing estimates of protein turn- 
over, appear to call for some modifications of the relative rates in different organs. 
For example, the proteins of intestinal mucosa incorporate labeled amino acids 
sooner and faster than those of liver (22). In order to facilitate comparison of short 
and long term experiments, im vivo and in vitro, Sprinson and Rittenberg’s esti- 
mates of rates of turnover have been recalculated in terms of milliequivalents (of 
nitrogen or amino acid) per gram of protein per hour. The figures are; in the rat 
19 X 10° and 57 X 10° for total and visceral proteins, respectively; and in man 
4.1 X 10% and 33.0 X 107%, respectively. 

The order of magnitude of the energy requirement of these rates of turnover 
can be computed as follows. There are approximately 156 gm. of protein per kg. 
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of body weight. A turnover rate of 4.1 X 10-* mEq. of amino acid per gm. of pro- 
tein per hour corresponds to 156 X 4.1 X 107? = 0.650 mEq. per kg. per hour. 
The free energy of formation of a peptide bond is approximately 3500 calories or 
3-5 Calories (7). On the basis of one peptide bond resynthesized per equivalent of 
amino acid turned over the free energy requirement is 3.5 X 0.65 X 107% = 2.3 X 
10~* Calories. If we take AH = 1.5 AF then the heat requirement of the above turn- 
over rate is 1.5 X 2.3 X 10% = 3.5 X 10 Calories. The basal metabolism per 
kg. is approximately one Calorie, or 300 times the requirement of the protein turn- 
over on the basis of one peptide bond resynthesized per equivalent of amino acid 
turned over. Even on the basis of the resynthesis of 2 peptide bonds per equivalent 
of amino acid turned over the basal metabolism is still greatly in excess of the en- 
ergy (AH) required. 

Turnover rates expressed as mEq. of nitrogen or amino acid per gm. of pro- 
tein refer to the sum of all the constituent amino acids in the protein. In order to 
compare these values with those obtained in the direct measurement of the rates 
of incorporation of individual labeled amino acids, as an approximation, they need 
to be divided by 20, the number of the commonly occurring amino acids. On this 
basis the average rate of turnover of any one amino acid in the rat is 0.95 X 107% 
and 2.85 X 10* mEq. per hour for total and visceral proteins, respectively, and in 
man o.2 X 10 and 1.65 X 10%, respectively. These are only rough approxima- 
tions, as any such average values must be, but they give the order of magnitude. 

In every study but one in which a carbon-labeled amino acid, tyrosine (23), 
glycine (24) or methionine (25) was administered the amino acid was found widely 
distributed in many tissue proteins. In the one exception (26) the C%-glycine used 
had too low a specific activity for the labeled amino incorporated into the proteins 
to be detected. In these experiments the tissues were analyzed a relatively long 
time, 12 hours or more, after administration of the labeled amino acid and did not 
give, therefore, (they were carried out for other purposes) a picture of the relative 
initial rates of their incorporation in different tissues. 


AMINO ACID INCORPORATION IN VIVO 


Such a picture is obtainable from the next group of experiments. Tarver and 
Reinhardt (22) injected intravenously S* labeled methionine into hepatectomized 
dogs and into controls which had had a sham operation (i.e. laparotomy without 
hepatectomy). After 2 hours the proteins of the intestinal mucosa had the highest 
concentration of S*; the order of concentration of the other tissues and blood pro- 
teins was: fibrin, liver, kidney, plasma globulin, total plasma, plasma albumin, 
pancreas, lymph nodes and spleen. Five hours after the injection (in another ani- 
mal) there was relatively little change either in the concentration of S* in the tissue 
proteins or in the order of the different tissues with respect to concentration. The 
plasma proteins were different in that the concentration of S** after 5 hours was nearly 
double that after 2 hours. In the intestinal mucosa and in the liver 0.038 and 0.022 
per cent, respectively, of the sulfur had become labeled. Essentially the same picture 
was obtained in the hepatectomized as in the control animals; the liver is not required, 
therefore, for the incorporation of labeled amino acids (assuming other amino acids 
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to be the same as methionine in this respect) into the proteins of other tissues; this 
applies even to the plasma proteins. 

It was to be expected from the finding that the S** concentration was highest in 
the intestinal mucosa proteins 2 hours after intravenous injection that the disap- 
pearance of S** would be fastest in this tissue. This was confirmed in the rat (27, 28). 
Whereas after the first day the intestinal muscosa had the highest S** concentration 
in its proteins, by the fourth day it was lower than that in plasma, kidney, liver, 
spleen, brain or the combined proteins of skin, hair and muscle. Values for the rates 
of turnover of different organs will depend on how soon the measurement is made 
after the administration of the labeled amino acid, and possibly, also, on the route 
by which it was administered. The findings after a 3-day period, such as those with 
N-labeled amino acids, may obscure interrelations between different organs. Cer- 
tainly the rapid turnover in intestinal mucosa will be minimized. 

The same rapid turnover of intestinal mucosa protein as compared with that of 
any other tissue was found by Greenberg and Winnick (29) in the rat after adminis- 
tration of carboxyl-C™ glycine. From their data it is possible to determine the actual 
amounts of glycine incorporated into the proteins. One quarter hour and 6 hours 
after intravenous injection of glycine there were incorporated, respectively, expressed 
as mEq. X 10° per gram of protein: intestinal mucosa, 0.99 and 12.2; bone marrow 
0.66 and 7.1; liver 0.8 and 6.8; kidney 0.49 and 6.4; plasma 0.16 and 5.9; spleen 0.16 
and 4.8; lung 0.49 and 4.1; muscle o and o.5; brain o and 0.3. The figures obtained 
after feeding a rat for 3 days leucine and glycine labeled with N** were for liver 2.85 
X 107° mEq. per gm. of protein per hour, which agrees surprisingly well with that of 
approximately 1 X 10-* mEq. per gm. per hour found 3 and 6 hours after the intra- 
venous injection of labeled glycine. 

The amount of an amino acid incorporated depends to some but evidently not 
to a great extent on the amount administered. Thus in an experiment of Goldsworthy 
et al. (30) in which 0.013 mEq. of glycine were injected, after 2 hours 1.2 X 10 
mEq. were incorporated per gram of liver protein. This rate of 0.6 X 10-* mEq. per 
gram of protein per hour is only half that found when 30 times the amount of glycine 
was injected (28). 

Winnick ef al. (31) injected 8-C*-pL-tyrosine into rats; the amount injected 
was the same as in the preceding experiment, 0.025 mEq. of DL-tyrosine or 0.0125 
mEq. of L-tyrosine; after 6 hours the proteins of the various organs had incorporated 
in mEq. X 107 of tyrosine per gram of protein: intestinal mucosa 1.9, kidney 1.4, 
plasma 1.1, liver 0.63, testes 0.35, carcass 0.19, brain 0.13 and muscle 0.055. The 
hourly rate in the liver over the 6-hour interval was 0.1 X 10-* mEq. per gram of 
protein; this is about 3 the rate of incorporation of gylcine (30). No significant differ- 
ences were found whether the rats bore a sarcoma or were normal. 

When the rate of incorporation was followed at short intervals after injection 
it was found that nearly the maximum incorporation into the viscera had occurred 
within an hour (32). This was the case with C-labeled glycine, L-histidine, L-leucine 
or L-lysine. And approximately the same amounts of each of the 4 amino acids were 
incorporated, 2.6 to 3.6 mEq. X 10 per gm. of protein (table 1). In the rat the 
average rate of incorporation of any one amino acid into the visceral proteins com- 
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puted from the data of Sprinson and Rittenberg (21) is 2.85  10-* mEq. per gram 
of protein. The experiments of table 1 were carried out on mice. Similar rates of in- 
corporation were found in adult guinea pigs and in young rabbits. Thus, when there 
were injected into guinea pigs 0.22, 0.11, 0.11, or 0.12 mEq. per kg. of glycine, L- 
histidine, L-leucine or L-lysine, respectively, after 60 minutes the liver proteins had 
incorporated 0.49, 0.89, 1.16 and 1.14 m. equivalents X 10~* per gm. of protein, re- 
spectively, of the 4 amino acids. And in a young rabbit injected with 0.028 mEq. of 
L-leucine per kg. the following amounts were found incorporated after 30 minutes 
(expressed as mEq. X 107 per gm. of protein): heart 1.7, small intestine 4.5, kidney 


- 2.6, liver 3.8, striated muscle of abdominal wall 1.1, red blood corpuscles 0.2, serum 


0.7, spleen 3.7. All these values correspond in order of magnitude to those obtained 
after continuous feeding of N'*-labeled amino acids. The results of the injection 
experiments indicate more clearly than the continuous feeding experiments the rela 
tively great speed with which the visceral proteins incorporate circulating amin- 


TABLE 1. RATES OF INCORPORATION OF C'-LABELED AMINO ACIDS INTO PROTEINS OF MOUSE (32) 


PROTEINS OF COMBINED THORACIC AND ABDOMINAL VISCERA 
TIME Amino acid injected and dose: mEq/kg. 
Glycine L-Histidine L-Leucine t-Lysine 
0.5 0.25 0.25 0.25 

Minutes Incorporated: mEq. X 10-3/gm. of protein 
10 0.65 0.64 1.4 0.3 
20 2.0 £3 3.0 2.0 
30 3.1 2.9 3.6 3.2 
60 3.2 3.1 3.6 2.6 
120 2.8 2.8 - 4.0 2.4 
240 2.8 S02 4-3 2.8 


acids and conversely that they are liberating amino acids at the same speed. The 
experiments of table 1 indicate that the immediate impact of an injected amino acid 
is largely dissipated in about an hour; from then on redistribution of amino acids re- 
leased from the visceral protein dominates the picture. 


AMINO ACID INCORPORATION IN VITRO 


An insight into the mechanism of protein synthesis can hardly be obtained ‘from 
in vivo studies; in vitro studies employing tracers appear to offer the best chance at 
present. Once it was found that the incorporation of labeled amino acids into the 
proteins of tissues and tissue extracts could be observed in vitro it was necessary to 
ascertain whether or not the rates of uptake and the conditions under which it oc- 
curs were such that they might be considered as physiological. The problem has been 
considered in a number of laboratories and the biological material used has ranged 
from intact cells to isolated cytoplasmic components. 

Mechior et al. (33) found that non-proliferating E. coli incorporated S* labeled 
methionine; they added 4 micromoles to the reaction mixture and after 6 hours at 
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37° 15 mg. dry weight of bacteria had taken up into their proteins 2.9 X 107 micro- 
moles. Guinea pig, rabbit and rat bone marrow cells incorporate in vitro labeled 
amino acids rapidly. The orders of magnitude are the same for all 3 animals; rabbit 
bone marrow cells have been studied most and the following figures are representa- 
tive. They took up glycine, L-histidine, t-leucine and L-lysine at rates, expressed as 
mEq. X 10 per gram of protein per hour of 1.3, 1.1, 2.2 and 1.5, respectively (32, 
34). These values are in the range of the most active rates in vivo. Circulating red 
cells, whether nucleated (avian) or non-nucleated (mammalian), did not incorporate 
labeled amino acids. It is their immaturity, therefore, and not merely the presence 
of the nucleus that determines whether or not labeled amino acids are incorporated 
into the proteins of these cells. 

Rat diaphragm is, as it were, a natural tissue slice; the only mechanical damage 
is at the margins where it is excised. It takes up labeled amino acids, though more 
slowly than bone marrow cells, as was to be expected from the observations in vivo. 
The values found for the uptake of glycine, L-histidine, L-leucine and L-lysine were, 
expressed as mEq. X 10° per gram of protein per hour, 0.5, 0.2, 0.5, and 0.09, re- 
spectively (32, 34). 

The following values have been reported in rat liver slices expressed as mEq. X 
10-* per gram of protein per hour: aspartic plus glutamic acids from labeled bicarbo- 
nate 1.4 (35); alanine 0.4 (36); 0.003 of sulfur incorporated as methionine and cys- 
tine from methionine (37); 0.2 to 0.6 of glycine (38) (the value is uncertain because 
a large fraction of the counts came from adsorbed phosphatidyl serine formed from 
the labeled glycine (39, 40)). The rapid formation of the carboxyl groups of amino 
acids from bicarbonate and their incorporation into the proteins has been confirmed 
in vivo by Greenberg and Winnick (41); they found acetate to be an even more effec- 
tive precursor of amino acid carbon than bicarbonate. The fully functioning cells in 
liver and other tissue slices probably are confined to the peripheral layer; this sur- 
mise is based partly on observations of the author on the staining reactions of the 
cells of a slice, and more directly on the metabolic evidence cited by Buchanan et al. 
(42). This would account in large part for the lesser uptake of amino acids by liver 
slices in vitro than by the liver in vivo. 

The uptake of labeled amino acids is much faster in embryonic and malignant 
than in normal adult tissues (36, 43). Bone marrow cells which have the fastest up- 
take of any tissue so far tested (intestinal mucosa is probably more active) belong, 
of course, with embryonic tissues. 

Mechanical damage to cells reduces the rate at which their proteins take up 
labeled amino acids. Rat liver slices are 4 to 41 times as active as the homogenate 
in the uptake of methionine (38) and 3 times as active in the uptake of glycine (38). 
Intact rat diaphragm is 4 to 5 times as active as the homogenized diaphragm in the 
uptake of glycine, t-leucine and t-lysine (34). Cytolysis of bone marrow cells by 
water, ether, lyophilization, or freezing and thawing abolishes entirely their ability 
to take up amino acids. 

The important point is that some incorporation of labeled amino acids into pro- 
teins can occur in homogenized tissues. In most cases the rate is slower than in slices 
but it is not always so; lysine is taken up by liver homogenate as fast as im vivo (44). 
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But an homogenate is neither an enzyme solution nor a suspension of insoluble pro- 
tein. A large fraction of the suspension consists of organized particles such as nuclei, 
mitochondria and microsomes. When working with homogenates we are not free of 
organized structures and the level of organization of the particles is much higher 
than even that of proteins. 

Table 2 is an example of the kind of information which can be obtained from 
homogenates and not from intact cells (32). All 4 fractions of liver homogenate, 3 
particulate fractions and the supernatant solution incorporated in vitro labeled 
amino acids into their proteins, They differed in the rate at which they incorporated 
the different amino acids; and in the case of lysine, the three particulate fractions on 
the one hand, and the supernatant solution on the other, had different optimal con- 
ditions. These findings indicate that there are functional differences among the com- 
ponents of liver homogenate with respect to incorporation of amino acids into their 
proteins. There are no doubt other functional differences (45). 


TABLE 2. INCORPORATION OF C! LABELED AMINO ACIDS INTO PROTEINS BY PARTICULATE FRACTIONS 
: OF GUINEA PIG LIVER HOMOGENATE (32) 


SUPER- 
LABELED AMINO ACID MITOCHONDRIA MICROSOMES [RATANT 
mEq X 10-3/gm. of protein 
0.61 variable variable 


Of more general interest is the conclusion which must be drawn from findings 
such as those in table 2 that the incorporation of amino acids into proteins, does not, 
in the adult cell, necessarily depend on direct participation of the nucleus. 

The promising finding with regard to a suitable enzyme system for study of the 
mechanism of incorporation of labeled amino acids is that lysine was incorporated 
into the proteins of the particle-free supernatant fraction of liver homogenate. 

Tissues differ im vitro as in vivo in the rates at which they take up all amino acids; 
for example, bone marrow cells are faster than diaphragm. They also differ in the 
relative rates at which different amino acids are taken up. Thus in bone marrow cells 
L-leucine was taken up fastest, then in order, L-lysine, glycine and t-histidine; in rat 
diaphragm the order was glycine and L-leucine equal, then L-histidine and L-lysine. 

The dependence of the rate of uptake in vitro on the initial concentration of 
labeled amino acids was found to be in all cases but one logarithmic (34), up to a 
concentration of 50 mg. per cent (approximately 0.005 M). Higher concentrations 
may be somewhat inhibitory. The exception is the uptake of L-lysine by liver homoge- 
nate. The relation of its uptake to initial concentration is, in contradistinction to all 
other cases, linear instead of logarithmic (46). The general conclusion is that the 
concentrations of labeled amino acids from which tissues can in vitro incorporate 
them into their proteins are of the order of those in the blood. And the dependence 
of the rate of uptake on the concentration of labeled amino acid is greatest in the 
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physiological range of concentration. The fact that the relation between rate of uptake 
and initial concentration is logarithmic (in most cases at least) may be part of the 
explanation of a finding such as that cited above where a 30-fold increase in the 
amount of glycine injected only doubled the rate of its incorporation into the proteins 
of the liver. 

The results of the foregoing studies are, in general, that intact cells have been 
found to incorporate into their proteins in vitro every labeled amino acid, both dis- 
pensable and indispensable, presented to them, that the rates of incorporation are of 
the same order of magnitude as in vivo, and that the concentrations from which 
amino acids are taken up are within their range in the blood. Homogenates are less 
effective than intact cells but in the cases of liver and diaphragm they can still take 
up amino acids. 

We are, therefore, warranted to consider any information gained from in vitro 
experiments on the mechanism of incorporation of amino acids into protein as appli- 
cable in some degree to the process in vivo. The terms ‘incorporation,’ ‘uptake’ and 
protein ‘turnover’ have been used; the reasons for not using the term ‘protein syn- 
thesis’ are discussed later. 


MECHANISM OF AMINO ACID INCORPORATION 


Turning now to the mechanism of the incorporation of amino acids into pro- 
teins, in the one case tested so far, that of lysine, the L-isomer was taken up by liver 
homogenate much faster than the unnatural D-form. A part certainly, and possibly 
all, of the effect of the p-lysine may be ascribed to the small amount of the L-form in 
the D-preparation used (46). 

The free energy of formation of most peptide bonds corresponds to an equilib- 
rium position beyond 99.9 per cent hydrolysis. Peptide synthesis, under physiological 
conditions, could not, therefore, be a simple mass action reversal of hydrolysis (7). 
The process must be coupled with an energy-donating reaction. Most of the protein 
in the cell is unhydrolyzed, as is the tripeptide glutathione; and they are found largely 
unhydrolyzed not because the system is inert, but because the steady state with re- 
gard to proteins is maintained where it is by the respiration of the cell. 

The general statement needs to be applied with some caution. Where, for exam- 
ple, in an im vitro experiment with a labeled amino acid it is found that the fraction 
of that amino acid in the protein which has become labeled is 0.1 to 0.01 per cent or 
less, the process may be a simple mass action reversal of hydrolysis. It is rarely pos- 
sible to obtain more than a rough estimate of whether or not the reaction in question 
is a simple reversal because the concentrations (activities) of the reacting free amino 
acid and that in the protein are not known. In most of the results previously cited, 
the fraction of the total of any one amino acid that had become labeled was o.2 per 
cent or greater. Friedberg et al. (47) in an in vivo experiment found that after the in- 
jection of leucine and C-labeled glycine, 0.5 per cent of the leucylglycine subse- 
quently isolated was labeled. This is probably 10 times more than would be expected 
from simple mass-action reversal of hydrolysis. 

We may take it, then, that if the uptake of labeled amino acids by tissue pro- 
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teins is, indeed, peptide synthesis that this process would be inhibited by an inhibi- 
tion of respiration. In most instances this was found to be the case. Thus anaerobiosis, 
arsenate, arsenite, azide and dinitrophenol inhibited the uptake of glycine, L-leucine 
and L-lysine by bone marrow cells and diaphragm (34). Melchoir et. al. (33) found 
that the. uptake of methionine by E. coli was inhibited by azide, fluoride and cyanide; 
Winnick ef al. (48) found that oxygen consumption and glycine uptake by rat liver 
homogenate went together and the process was inhibited by anaerobiosis. Frantz 
et al. found that anaerobiosis (49) and dinitrophenol (50) inhibited the uptake of 
alanine by rat liver slices. 

But there are exceptions. The uptake of lysine in guinea pig liver homogenate 
or in any of its fractions is not inhibited by anaerobiosis (46). This process is in- 
hibited in varying degrees by arsenate, arsenite, azide, dinitrophenol and fluoride. 
Interpretation of the effects of inhibitors is complicated by the fact that lysine is 
taken up in liver homogenate by two different enzyme systems. Another partial 
exception is the uptake of histidine by bone marrow cells; it is only partially, instead 
of completely, inhibited as it is in the other cases by anaerobiosis (44). It needs to 
be emphasized that the uptake of lysine and of histidine was, in most tissues, in- 
hibited completely by anaerobiosis. Nevertheless the exceptional cases call for cau- 
tion against generalization even with respect to so elementary a condition as depend- 
ence of amino acid uptake on respiration. Synthesis of peptides by coupled reactions 
between peptides and hydrolytic enzymes, as discovered by Bergmann and his col- 
laborators (8), may play a part; and these would not depend on respiration. Or 
synthesis analogous to those of disaccharides by sucrose phosphorylase, discovered 
by Dudoroff et al. (51), may occur. In the latter case most of the free energy of the 
bond is retained in a complex of the enzyme and one cleavage product. Another 
cleavage product may then recombine with that on the enzyme and so reconstitute 
a peptide bond; and this proces would be independent of respiration. | 

The inhibitory effects of arsenate and dinitrophenol suggest that respiration 
promotes peptide synthesis by way of phosphorylation. That phosphorylation plays 
a part in the synthesis of some types of peptide bonds is now established. ATP is 
necessary for the synthesis of glutamine (52), hippuric acid (53), and p-aminohip-~ 
puric acid (54). The precise relation of phosphorylation to peptide bond synthesis 
is not clear. Lipmann (55, 56) suggested transphosphorylation and Spiegelman and 
Kamen (57) that nucleic acids may act as phosphate donors. As phosphorylation is 
coupled with respiration, protein and peptide synthesis would ultimately aye 
if phosphorylation is a necessary intermediate step, on respiration. 

Suggestions that transacylation (58), ketopeptides (59) or dehydropeptides (8) 
may be mechanisms of peptide synthesis appear now, from the work of Simmonds 
et al. (60), to be improbable if not excluded. 

Also that peptidases may have a role in the incorporation of amino acids into 
tissue proteins appears to be excluded by the finding that metal ions, such as cobalt, 
copper, iron, manganese and nickel, on which the activity of a number of peptidases 
has been shown to depend (61), were found to be either inhibitory or without any 
effect (34, 44, 46). 


| | 
| 
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INDEPENDENT UPTAKE OF AMINO ACIDS 


It has been found in feeding experiments (62-65) that an indispensable amino 
acid is ineffective for growth or for recovery from protein depletion, or for mainte- 
nance, unless it is fed or injected within a few hours of other necessary amino acids. 
The interpretation placed on this finding has been that all the amino acids must be 
present at concentrations greater than the fasting levels for protein synthesis to 
occur. It is difficult to explain on this basis the rapid and extensive incorporation of 
a single amino acid into tissue proteins in vivo and in vitro. 

The matter was examined further by adding a number of labeled amino acids 
together and investigating whether or not they mutually influenced their uptake. 
The results of some typical experiments are shown in table 3. The counts in the pro- 
tein when all 3 amino acids were added together were the sums of the three added 
separately. In later experiments with labeled L-histidine in addition to glycine, leucine 
and lysine the same results were obtained. Addition of 2 non-radioactive amino acids 
together with one which was radioactive did not affect the uptake of the latter. Nor 


TABLE 3. UPTAKE OF C LABELED AMINO ACIDS ADDED SEPARATELY AND TOGETHER (34) 


| 
AMINO ACID GUINEA PIG LIVER RAT RABBIT BONE 
. MITOCHONDRIA DIAPHRAGM MARROW CELLS 


Counts/min/mg. protein 


| 2.76 0.37 2.14 
Glycine + t-leucine + L-lysine...................... 13.05 | 1.73 8.57 
Total of amino acids added separately................ 13.01 1.86 8.16 


did the addition of a mixture of amino acids approximating the composition of casein 
or of hemoglobin affect the uptake of labeled glycine, L-leucine or of L-lysine. The 
results indicate that amino acids are taken up independently in the 3 tissues tested. 
As there were 3 different animals and tissues and 4 different amino acids we may 
conclude that the independent uptake of amino acids is a general phenomenon. This 
is the experimental justification for converting, as was done above, the values ob- 
tained by Sprinson and Rittenberg (21) of total protein turnover daily into average 
turnover per single amino acid. 

An explanation of results such as those in table 3 in consonance with the inter- 
pretation of the feeding experiments would be that other amino acids are actually 
necessary for the incorporation i vivo and in vitro of any one amino acid into protein, 
and that sufficient amino acids are always present for the uptake of the injected 
labeled amino acid or, in the in vitro experiments that added to the reaction mixture. 
But if 1 vivo all the amino acids are present in the tissues, and they probably are, 
even in the fasting state, one amino acid fed later than the others should, then, be 
incorporated. In fact the results of all the experiments with labeled amino acids, in 
vivo and in vitro, indicate that it is incorporated. Tarver and Schmidt (66) fed labeled 
methionine to fasting animals and found that it was incorporated into all the tissue 
proteins. 
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It would be unprofitable to discuss many of the explanations, of which there are 
a number; but it is pertinent to discuss one, because it involves interpretation of all 
the results with labeled amino acids. This possible explanation can be stated in the 
form of the question: Is protein turnover (or incorporation of a labeled amino acid) 
over a short period the same as protein synthesis? It is stated thus because there are 
serious difficulties in carrying it further. When an amino acid is incorporated into a 
protein 2 peptide bonds must be broken and remade. If the characteristic amino 
acid pattern of the protein molecule remains the same in the process, then, the view 
that turnover as distinguished from protein synthesis (i.e. formation of new protein 
in vilro) is an enzymatic exchange process must deal with a complicated reaction 
mechanism in which the protein, the amino acid turned over and the enzyme in- 
volved must operate together through unstable intermediate forms. Phosphorylation 
may be involved, as the evidence previously cited appears to indicate. But what is 
phosphorylated? A reaction mechanism analogous to that in the synthesis of sucrose 
(51), as in the conversion of glucose-1-PO, to glucose-6-PO, (67) or as in the synthesis 
of glycogen and starch is a possibility. 

The difficulties are less from the point of view that turnover and synthesis of 
protein are the same process and that in both processes proteins are built up from 
peptides as intermediates rather than in the case of turnover by a template exchange 
mechanism. There is some evidence for peptides as intermediates (68). It is quite 
possible that there are in vivo both turnover and synthetic processes and that they 
have some different and some common intermediates and enzymes. 

A major assumption underlying all the work on the incorporation of labeled 
amino acids into proteins is that when a tissue is incubated with a labeled amino acid 
or when the amino acid is injected, and afterwards the labeled amino acid is found 
in the proteins, it is combined in peptide bonds. The whole structure of interpreta- 
tion rests on this assumption. It has not been proved. The evidence, as far as it goes, 
is in accord with this assumption; there is none against it. When, for example, a pro- 
tein, which has become radioactive through incorporation of a COOH-C™-amino 
acid, is treated with the ninhydrin reagent, none of the radioactivity is found in the 
CO, evolved. When such a protein is partially hydrolyzed with acid a large fraction of 
the counts remain in peptide fractions (34). Winnick ef al. (31) digested a protein 
which had become labeled with COOH-C"*-glycine with crystalline pepsin or trypsin; 
no C4O, was evolved on treatment with ninhydrin. The products of the peptic or 
tryptic digestion were then submitted to carboxypeptidase and erepsin. The result- 
ing digestion mixture was treated with ninhydrin and 75 per cent of the counts ap- 
peared in the evolved C“O,. We may conclude then, at least for the time being, that 
labeled amino acids incorporated into a protein are bound in such a manner that 
either their carboxyl or amino groups are involved in the bond, probably by partici- 


pation in peptide bonds; but the possibility of bonds of some other kind is not ex- 
cluded. 
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ANALYSIS OF FACTORS CONCERNED IN REGULATION OF 
BREATHING IN EXERCISE! 


FRED S. GRODINS 
From the Depariment of Physiology, Northwestern University Medical School 


CHICAGO, ILLINOIS 


EGULATION OF RESPIRATION during muscular exercise must depend ultimately 
R upon alterations in the activity of the medullary respiratory centers in re- 
sponse to stimuli reaching them via neural or humoral pathways. An inquiry 
into the hyperpnea of exercise should, therefore, identify both the stimuli concerned 
as well as the pathways through which they operate. These fundamental questions 
were clearly formulated by Geppert and Zuntz in 1880 (1). The answers which have 
accumulated in the literature during the past 70 years appear at first glance to pro- 
vide a maximum of confusion and a minimum of clarification. Thus on the basis of 
nerve-section experiments, a neural pathway has been both denied (1, 2) and sup- 
ported (3); on the basis of vascular occlusion experiments, a humoral pathway has 
been both denied (3-5) and supported (3, 6); finally, on the basis of ‘passive exercise’ 
experiments, a joint-receptor neural factor has been both denied (7) and supported 
(3, 4, 8). Analysis in terms of modern concepts of respiratory regulation reveals these 
incompatibilities to be more apparent than real, simply because the conclusions are 
not adequately supported by the evidence presented. Thus, no adequate mechanism 
has yet been established to account for the regulation of breathing in exercise. 
The purpose of the present inquiry is to analyze available data in terms of modern 
control theory in order to point out why previous studies have been inconclusive and 
to indicate the direction which future studies might take. 


ADJUSTMENT OF VENTILATION TO METABOLISM 


The outstanding feature of the hyperpnea of muscular exercise is its precise ad- 
justment to the metabolic requirements of the organism (g~20) (fig. 1). In moderate 
exercise, ventilation is directly proportional to oxygen consumption so that a constant 
ventilatory equivalent (i.e. ventilation/100 cc. of oxygen consumed) is maintained. 
In severe exercise with oxygen consumptions above 2.0 to 2.5 1/minute, ventilation 
increases more rapidly than metabolism and the ventilatory equivalent rises. An 
adequate theory of respiratory control in exercise must account for this observed 
quantitative relationship between ventilation and oxygen consumption in addition 
to qualitatively identifying the stimuli and pathways concerned. Let us first inquire 
whether or not control by the established humoral chemical agents, pCO2, H*, and 
~pO:, can adequately account for this relationship. 


CHEMICAL REGULATION OF PULMONARY VENTILATION 


It has been known for many years that alterations in the carbon dioxide tension, 
(pCOz), hydrogen ion concentration, (H*), and oxygen tension, (pO), of arterial 


1 Supported in part by the Dr. Wallace C. and Clara A. Abbott Memorial Fund of North- 
western University. 
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blood are associated with changes in breathing. Only recently, however, has a com- 
prehensive and quantitative theory of the chemical control of ventilation been devel- 
oped by Gray (21, 22). On the basis of his ‘multiple factor theory,’ Gray established 
the following stimulus equation describing in a quantitative manner the effect of 
these 3 chemical agents on ventilation in the steady state: 


105 


= + 
VR = 0.22 H* + 0.262 pCO, + 


18, 


where VR is the alveolar ventilation ratio, (i.e. the alveolar ventilation during a test 
condition divided by the normal resting alveolar ventilation) ; H* is the arterial hydro- 
gen ion concentration in my moles/liter; COs, the arterial CO, tension in mm. Hg; 
and pOs, the arterial oxygen tension in mm. Hg. 

This equation states that each of the 3 chemical agents, pCO2, H*, and On, 
exerts an independent effect on ventilation, and that the actual ventilation is the 
algebraic sum of the partial effects of all 3. The ‘sensitivity’ of ventilation to each 
agent (i.e. the change in VR per unit change in concentration of the agent) is defined 
by their respective coefficients. In the case of H* and pCOz, the sensitivity is constant 
for all values of these variables;? in the case of pO2, however, the sensitivity varies 
as a function of pO, itself. 

Although each agent exerts an independent effect on ventilation, their concen- 
trations in arterial blood are interdependent, i.e. a change in the concentration of any 
single agent will bring about changes in the concentration of the other 2. Equation 1, 
together with certain equations defining the interrelationships between the agents 
concerned, provides powerful tools for an analysis of the hyperpnea of exercise. This 
becomes increasingly apparent in the discussion which follows. 


CAN CHEMICAL CONTROL ALONE ACCOUNT FOR THE HYPERPNEA OF 
EXERCISE ?? 


Available evidence indicates that the 3 chemical agents, arterial pCO2, H*, and 
pOz2, cannot alone account for the hyperpnea of exercise because, first, the maximum 
ventilation produced by them is much less than that produced in exercise (12, 21, 23- 
25); second, in moderate exercise the arterial levels of these agents are unchanged 
(11-13, 26-29); third, in severe exercise pCO. changes in the wrong direction (10-12, 
28-33), and, although the changes in H* and pO, are in the proper direction, they are 
of insufficient magnitude (13, 29-31, 33, 34); finally, it can be shown by means of the 
multiple factor equations that if chemical control alone were operating, the relation- 
ship between ventilation and oxygen consumption would be different from that 
actually observed in normal exercise. 

To demonstrate this, let us confine ourselves for the present to moderate exer- 
cise only. Under these conditions, we can simplify equation 1 by assuming that pO2 
remains in an inactive range (21, 29) and that no metabolic acidosis occurs (12, 27, 


? Within the physiological range before depression begins. 

3 ‘Chemical control,’ as used here, is specifically limited to the action of pCO, H* and pOz 
on central or peripheral receptors responding to changes in arterial levels. Possible action of these 
agents on receptors located elsewhere (muscle, venous blood stream) is not included. 
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28, 33). Thus pO2 can be included in the constant term and H* can be expressed in 
terms of pCO, to obtain: 


VR = 0.4 pCOz — 15. (2) 


Equation 2 describes the behavior of ventilation when controlled only by the humoral 
chemical agents pCO, and H* in the absence of metabolic disturbances in acid-base 
balance. Under these conditions, and in the absence of CO, in the inspired air, the 
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Fig. 1. RELATIONSHIP between total ventilation and oxygen consumption during leg exercise 
(walking, running, bicycling) in man. Data represent 611 observations on 86 subjects. 


following ‘ventilation’ equation defines the influence of ventilation ratio, VR, and 
metabolic rate ratio, MRR, on alveolar, and thus arterial, pCO, (23): 


40 MRR 
pCO: = VR (3) 


Equations 2 and 3 can be combined to eliminate VR to yield: 
0.4 pCO? — 15 pCO2 — 40 MRR = o. (4) 


For various assumed values of MRR, equation 4 can be solved for pCO: and equation 
3 for VR, thus obtaining the relationship between ventilation and metabolic rate 
when chemical control alone is operating. The curve calculated in this manner is 
plotted in figure 2 (curve B). Note that the relationship is curvilinear and that the 
ventilatory equivalent falls with increasing metabolism. This is contrary to the 
directly proportional relationship and constant ventilatory equivalent actually ob- 
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served in moderate exercise (curve A). Therefore, chemical control alone cannot ac- 
count for the hyperpnea of moderate exercise. 

This does not necessarily mean, however, that these chemical agents play no role 
at all in exercise. The fact that they will influence ventilation if, for any reason, their 
arterial levels are altered provides for a fine adjustment or ‘feedback’ mechanism in 
exercise as well as complicating the interpretation of certain experimental procedures. 
Their possible role in severe exercise during which a lactic acid acidosis occurs will be 
considered later. 


MODE OF ACTION OF THE EXERCISE STIMULUS 


Since it has been demonstrated that chemical control alone cannot account for 
the hyperpnea of moderate exercise, it is necessary to postulate the existence of some 
other mechanism. Regardless of its ultimate nature, one can imagine it to act in one 
of 2 ways: 1) It may be additive, leaving the sensitivity of the respiratory mechanism 
to the chemical agents unchanged; 2) it may be multiplicative, i.e. it may alter the 
sensitivity of the respiratory mechanism to the chemical agents. The simplest type 
of multiplicative behavior would be one in which the sensitivity to all 3 chemical 
agents was altered equally. It is easily shown that either of these modes of action can 
adequately account for the directly proportional relationship between ventilation 
and metabolism, as well as for the constancy of the arterial chemical agents, pCOz, 
H* and pO2, observed in moderate exercise. Let us assume that an ‘exercise stimulus’ 
of potency equal to the metabolic rate ratio, MRR, acts additively with the chemical 
agents in regulation of breathing. Introducing this factor into equation 2 of the pre- 
ceding section, and adjusting the constant, we obtain a new stimulus equation: 


VR = 0.4 pCOz2 + MRR — 16. (5) 
This may be combined with the ventilation equation, equation 3, to yield: 
0.4 pCO? + (MRR — 16) pCO: — 40 MRR = o. (6) 


It can be shown by means of the quadratic formula that equation 6 has a constant 
positive root of 40 for all values of MRR. Thus the assumption of an additive exercise 
stimulus of potency equal to MRR leads directly to the conclusion that arterial pCO. 
should remain constant in moderate exercise. In addition, it follows from this, first, 
that arterial H* should also remain constant (respiratory pathway equation, 21); 
second, that arterial pO2 should remain constant‘ (alveolar equation, 35); and third, 
that ventilation should be directly proportional to metabolism (equation 5). All of 
these predictions are in agreement with experimental observations. 

If, on the contrary, the exercise stimulus is assumed to act multiplicatively, the 
appropriate stimulus equation becomes: 


VR = MRR (0.4 pCOz — 15). (7) 


When equation 7 is combined with the ventilation equation, equation 3, MRR cancels 
out to yield: 


0.4 pCO? — 15 pCOz — 40 = . (8) 


4 Equation 5 assumes that pO: remains in an inactive range. Identical conclusions can be 
reached, but in a more complicated fashion, without this assumption. 


| 
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The positive root of equation 8 is 40, and is, of course, independent of MRR. Hence 
the assumption of a multiplicative exercise stimulus of potency equal to MRR leads 
to predictions identical with those deduced on the assumption of an additive stimu- 
lus. Thus either mode of action successfully predicts the behavior of ventilation and 
of the arterial chemical agents in moderate exercise. 

If one can account for the observed relationship between ventilation and metabo- 
lism on the basis of either an additive or multiplicative mode of action of the postu- 
lated exercise stimulus, the question arises whether or not there is any way to choose 
between these alternative hypotheses. This question can be answered by inducing 
during exercise either a respiratory acidosis by the inhalation of COs, or a metabolic 
acidosis by the administration of fixed acid. 
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If CO, is breathed at rest, the relationship between VR and alveolar pCOsz is 
given by equation 2. If the exercise stimulus were additive and CO, is breathed during 
exercise, the appropriate stimulus equation would be: 


VR = MRR + (0.4 pCO2 — 16). (9) 


If, on the other hand, the exercise stimulus were multiplicative, the appropriate 
equation would be: 


VR = MRR (0.4 pCOz — 15). (ro) 


Equation 9 defines a system of parallel lines with MRR as the variable parameter. 
Three of these lines (for MRR = 1, 3 and 5) have been plotted in figure 3. Equation 
10, on the contrary, defines a family of straight lines with a constant X-intercept but 
changing slope. Two of these lines (for MRR = 3 and 5) have also been plotted in 
figure 3. The curve for MRR = 1 is, of course, common to both systems. 

It is apparent from these curves that if CO2 is breathed during exercise, the 
behavior of ventilation should be widely different depending upon the mode of action 
of the exercise stimulus. Some data are available in the literature which may be com- 
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pared with these predictions. The plotted points in figure 3 represent data on one 
normal subject breathing various concentrations of CO, at rest, and during 2 different 
intensities of exercise as reported by Nielsen (12). Although the data are too few for 
an adequate quantitative comparison to be made, the predicted difference between 
the 2 alternative modes of behavior is so great that even these few determinations 
provide strong evidence in favor of the additive hypothesis. More adequate data on 
this point are needed, however. 

If a metabolic acidosis is induced at rest, the relationship between arterial [H*] 
and pCO, may be obtained as follows. The appropriate stimulus equation is: 


VR = 0.22 Ht + 0.262 pCOs — 18 (11) 


The ventilation ratio under these conditions is also given by the ventilation equation, 
equation 3, which, at rest, since MRR = 1, reduces to: 


VR= (12) 
Equating (11) and (12) to eliminate VR, we obtain: 
= 0.22H*t + 0.262 pCO; — 18, (13) 
and solving for H*, 
Ht = — 1.19 pCO: + 81.95. (14) 


Equation 14 is the ‘metabolic pathway equation’ describing the relationship between 
H* and pCO; in metabolic acidosis at rest, and is plotted in figure 4 (21). 

If a metabolic acidosis existed during exercise, and if the exercise stimulus were 
multiplicative in nature, the equation analogous to equation 13 would be: 


qo MEE = MRR(0.22H* + 0.262 pCO; — 18). (75) 


Solving this equation for H+, MRR cancels out and equation 14 is obtained. This indi- 
cates that if the exercise stimulus were multiplicative, the metabolic pathway would 
be independent of the metabolic rate. 


On the other hand if the stimulus were additive, the equation analogous to 
equation 15 would be: 


40 MRR 


9CO; = 0.22H* + 0.262 pCO, + MRR — 10, (16) 
and solving for Ht, 
H* = MRR (= ~ 455) — 1.19 pCO: + 86.4. (17) 


This result indicates that if the exercise stimulus were additive, the metabolic path- 
way would be a function of the metabolic rate. A number of such pathways (acid 
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range only) have also been plotted in figure 4 for several different values of MRR. 
Data available in the literature bearing on this problem are scarce. Points plotted in 
figure 4 represent data obtained during severe exercise in which a lactic acid acidosis 
is present (13, 31, 33, 34). Although inadequate for quantitative comparison, the data 
appear to favor the additive hypothesis. Again, more extensive data are needed. 

To summarize the analysis in this section, it is necessary to assume the operation 
of an exercise stimulus distinct from the familiar chemical agents in order to account 
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Fig. 3. RELATIONSHIP between ventilation ratio and alveolar pCO» on breathing CO; at rest 
and during exercise. Solid lines = predicted curves for an additive stimulus; dashed lines = predicted 
curves for a multiplicative stimulus. Plotted points are Nielsen’s experimental data (12). - = resting; 
X = 223 kg.m/minute (3 MRR); © = 446 kg.m/minute (5 MRR). 


for the hyperpnea of moderate exercise. Regardless of its ultimate nature (i.e. chemi- 
cal, physical, neural or humoral), it can account for the direct proportionality of 
ventilation and metabolism in moderate exercise if it has a potency equal to MRR 
and operates in either an additive or multiplicative manner. However, these 2 alterna- 
tive modes of action lead to different deductions regarding the effects of CO, inhala- 
tion and of metabolic acidosis during exercise. Data available in the literature, al- 
though admittedly inadequate, strongly favor the additive hypothesis. In the sections 
to follow, we shall assume, therefore, that the unknown exercise stimulus acts in an 
additive fashion. 
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PATHWAY TRAVELED BY THE EXERCISE STIMULUS 


One general method of approach to the problem of exercise hyperpnea has been 
to study the ventilatory response to active exercise after interruption of either the 
neural or humoral pathway from the exercising limbs. Thus, the existence of a neural 
pathway has been denied on the basis of the observation that the ventilatory response 
to electrically-induced exercise in anesthetized dogs, cats and rabbits persisted after 
transection of the spinal cord (1, 2). On the contrary, however, the existence of a 
humoral pathway has also been denied on the basis of the observation that the appli- 
cation of a tourniquet to the upper thighs during exercise on a bicycle ergometer 
produced essentially no change in ventilation (5). Obviously, both of these conclusions 
cannot be correct. By assuming the observations themselves to be reliable, it is 
possible to show that neither set disproves the existence of either pathway. 

First, let us analyze the claim (1, 2) that persistence of a ventilatory response 
following interruption of the neural pathway proves that the latter is not involved 
in the normal hyperpnea of exercise. To accomplish this, we shall assume that the 
exercise stimulus requires a neural pathway for its operation, and then inquire into 
the expected behavior of ventilation in exercise if this pathway were interrupted. 
One might, at first glance, expect that there would be no ventilatory response, as 
indeed one group of investigators has claimed (3). Analysis reveals, however, that if 
the neural pathway were interrupted, the affected area would continue to contribute 
to the total metabolic rate even though it would no longer contribute to the total 
exercise stimulus. Under these conditions, hypercapnia and acidemia would develop 
and the humoral chemical agents, pCO: and H*, would assume control of breathing. 
The expected behavior of ventilation under these conditions would therefore be 
identical with that which we have already calculated for chemical control alone, and 
which appears as curve B in figure 2. Comparison of this curve with the normal 
response (curve A) reveals that interruption of a hypothetical neural pathway should 
produce practically no detectable change in the ventilatory response to exercise unless 
the metabolic rate is at least 4 times the resting value. The few observations so far re- 
ported in the literature deal with metabolic rates less than 3 times the resting level, 
and are completely inadequate to disprove the existence of a neural pathway. More 
extensive quantitative studies dealing with higher metabolic rates and including 
measurements of arterial pCO. and H* are needed to provide a satisfactory answer. 

Next, let us analyze the claim (5) that persistence of a ventilatory response to 
exercise following interruption of the humoral pathway proves that the latter is not 
normally involved, and that, therefore, the neural pathway must be involved. Proof 
of the validity of this claim requires a minimum of two steps: 7) It must be shown 
that the ventilatory response during ischemia is different from that expected on the 
assumption that the humoral pathway alone is concerned; 2) it must be shown that 
the ventilatory response during ischemia is equal to that expected on the assumption 
that the neural pathway alone is concerned. 

To accomplish the first step, we note that if the normal exercise stimulus required 
a humoral pathway for its transmission, ischemia would eliminate the contribution 
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of the affected area to both the total metabolic rate and the total exercise stimulus. 
Under these conditions, ventilation should decrease in proportion to the reduction in 
metabolism according to the normally observed relationship shown in figure 2, curve 
A. Asmussen et al. (5), however, observed that ventilation remained practically 
unchanged during ischemia despite a 20 to 50 per cent reduction in oxygen consump- 
tion. We may therefore conclude that the ventilatory response observed during is- 
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Fig. 4. PREDICTED METABOLIC PATHWAYS in exercise assuming the operation of an additive 
stimulus. Plotted points represent observation on 15 subjects. 


chemia is different from that expected on the assumption that the humoral pathway 
alone is concerned. Thus, step 1 of our proof has been successfully accomplished. 
Before one can conclude, however, that a neural pathway must therefore be re- 
sponsible for transmission of the normal exercise stimulus, s/ep 2 of the proof must be 
completed. Without it, the previously stated result may only mean that ischemia 
produced physical or chemical changes in the exercising limbs which generated new 
stimuli capable of affecting breathing via a neural pathway. Successful demonstra- 
tion of s/ep 2, while not completely eliminating this interpretation, would render it 
extremely unlikely, since it would require that the abnormal stimuli generated by 
ischemia be exactly equal in potency to the normal one(s) blocked by ischemia. 
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To accomplish s/ep 2, it is necessary to establish the behavior of ventilation to 
be expected on the assumption that ischemia eliminates the contribution of the 
affected area to the total metabolic rate without affecting its contribution to the 
total exercise stimulus. This can be done with the aid of the multiple factor theory. 

Assuming the exercise stimulus to be additive, the stimulus equation applicable 
to moderate exercise is: 


VR = 0.4 pCO: — 16 + MRR,, (18) 


where MRR, represents the potency of the exercise stimulus. This may be combined 
with the ventilation equation 3 to yield: 


0.4 pCO? + (MRR, — 16) pCO: — 40 MRR = 0, (19) 


where MRR is the metabolic rate ratio. Normally, MRR, = MRR, and under these 
conditions, equation 19 has a constant positive root of 40 for all values of MRR,, and 
VR = MRR, = MRR. Ii ischemia is produced, however, and if, as we have postu- 
lated, MRR, remains constant while MRR falls, then MRR, > MRR and pCO; and 
VR must decrease. 

The expected behavior of ventilation under these conditions, as applied to the 
data reported by Asmussen, can be calculated in the following manner. The observed 
oxygen consumptions during rest and at 5 different work levels with and without 
ischemia of the lower extremities are given in columns 2 and 3 of table 1. Since the 
normal resting oxygen consumption was 256 cc/minute, the corresponding MRR’s 
can be calculated and these are listed in columns 4 and 5. Now, under normal condi- 
tions, MRR, = MRR. If we assume that MRR, remains constant whether or not 
ischemia is present, the expected value of pCO, during ischemia at rest and during 
work can be obtained by substituting into equation 1g the value of MRR, from column 
4 and the corresponding value of MRR from column 5 of table 1. The VR values can 
then be obtained from equation 18 and converted into liters/minute by multiplying 
them by the normal resting ventilation of 5.66 1/minute. Since the equations apply 
to alveolar ventilation and the data to total ventilation, these calculations involve 
the assumption that the former represents a constant fraction of the latter under 
the conditions of this experiment. The calculated values of ventilation under normal 
and ischemic conditions, together with the observed values are presented in the last 
4 columns of table 1. Inspection reveals that agreement between prediction and ob- 
servation is excellent under normal conditions, but that during ischemia, the ob- 
served ventilations are consistently and considerably in excess of the calculated 
values. We may therefore conclude that the ventilatory response observed during 
ischemia is also different from that expected on the assumption that a neural pathway 
alone is concerned. Thus, step 2 of our proof cannot be successfully accomplished. 

Apparently, the interpretation of Asmussen’s observations is not so simple. Re- 
sults support neither a neural nor a humoral pathway for the transmission of the 
normal exercise stimulus. One can conclude only that during ischemia a neural factor 
is operating but that its potency is much greater than that necessary to acount for 
the ventilation in the absence of ischemia. Obviously, this tells nothing about the 
role of such a factor in normal exercise. It is impossible to tell whether the stimulus 
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was operating at lower intensity before ischemia was induced or whether it was 
created de novo by local changes resulting from ischemia. It is, therefore, not valid to 
conclude from these observations that a neural factor must be responsible for the 
normal ventilatory response to exercise. Indeed, the complications introduced by this 
type of experiment would seem to preclude the possibility of its providing any valid 
information about the normal regulation of breathing in exercise. 

These results do show that ischemia of working muscles provides a potent stimu- 
lus to breathing which can operate via a neural pathway. The production of pain 
could account for these findings. The authors, however, claim that pain was not a 
factor, even though ischemia could only be maintained for less than one minute at 
the higher work intensities because of the onset of pain. If pain was not concerned, 
the possibility suggests itself that local chemoreceptors sensitive to anaerobic metabo- 
lites may exist but direct attempts to demonstrate such receptors have so far failed 


(3). 


TABLE 1. ANALYSIS OF VASCULAR OCCLUSION EXPERIMENTS OF ASMUSSEN ET AL. (5) 


Oz CONSUMPTION METABOLIC RATE RATIO VENTILATION 
WoRK Normal | Observed Caleulated 
Normal | Ischemic | ? | wel 
| Normal | Ischemic Normal Ischemic 
kg.m/min. cc/min,, STPD | i/min., BTPS 
° 256 237 | 1.00 0.93 | 5.66 | 5.25 | 5.66 5.49 
180 735 575 | 2.87 | 2.14 | 15.1 15.7 | 16.3 12.6 
360 1120 780 | 4.37 | 3-04 | 21.5 | 21.3 | 24.8 18.5 
540 1440 740 | 5.63 | 2.89 29.1 | 28.1 | 31.8 19.2 
720 1780 1080 6.95 | 4.22 38.2 | 37-4 30.4 27.4 
goo | 2080 8.13 4.26 | 46.3 | 47-5 | 46.0 29.5 


‘PASSIVE EXERCISE’ EXPERIMENTS 


A second general method of approach to the problem of exercise hyperpnea has 
been the study of the ventilatory response to so-called passive exercise (3, 4, 7, 8). 
Thus, it has been reported that passive motion of the hind limbs of cats and dogs 
produces a small (10-15%) increase in ventilation, which is abolished by cord section, 
section of the nerves to the hind limbs, or local anesthesia of the knee joint, but is 
unaffected by complete-ischemia (3, 4). Similarly in man, passive motion produces 
a small (40%) increase in ventilation, which is reduced but not abolished by spinal 
anesthesia (3). It has been claimed that the effective stimulus is joint motion (3). 
On the basis of such studies, it has been concluded that neural stimuli arising in joint 
receptors are concerned in the hyperpnea of exercise, but that they cannot be of much 
importance because their effect on ventilation is small (3, 8). 

There are a number of objections to both the procedures and the conclusions. In 
the animal experiments, the passive exercise consisted of very rapid movements, or 
even vigorous shaking of limbs which had been subjected to extensive surgical pro- 
cedures (3, 4). With few exceptions, no studies of gas exchange were made, so that it 
is impossible to tell whether or not the exercise was actually passive in the sense that 
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no increase in metabolism occurred. When it has been measured, oxygen consumption 
has increased during passive exercise (36, 37). In this connection, it has recently been 
reported that in many dogs anesthetized with sodium barbital, there was enough re- 
flex increase in muscle tone during passive flexion of the hind limbs to make it difficult 
to carry out the motion (7). This obviously implies an increase in metabolism, and, 
moreover, such a reflex increase would be abolished by section of afferent nerves from 
the limbs. If joint motion were the effective stimulus (3), it would provide no mech- 
anism for the adjustment of ventilation to oxygen consumption. It is, therefore, highly 
questionable whether or not the ventilatory responses to passive exercise so far re- 
ported in the literature prove the operation of a neural factor in normal active 
exercise. 

The conclusion that such a reflex stimulus cannot be of much importance in 
active exercise (3, 8) may be correct, but it is not proven by the observation that the 
respiratory response to passive exercise is small. Assuming for the moment that the 
exercise was actually passive, i.e. no increase in metabolism, it can be shown that a 
reflex stimulus of sufficient potency to account for the ventilatory response to active 
exercise would produce only a very small effect in passive exercise. This follows from 
the fact, already pointed out, that in the absence of an increased metabolism, the 
reflex stimulus would be opposed by acapnia and alkalemia. The expected behavior 
of ventilation in passive exercise can be calculated in the following manner. Assuming 
that a reflex stimulus of potency equal to MRR is responsible for the hyperpnea of 
active exercise, the appropriate stimulus equation is equation 18. But VR is also 
defined by the ventilation equation, equation 3. In passive exercise, by definition, 
MRR in equation 3 is unity so that it again reduces to equation 12, and combining 
equations 12 and 18 to eliminate VR, we obtain: 


0.4 pCO.2 + (MRR — 16) pCOz — 40 = 0. (20) 


For assumed values of MRR, equation 20 can be solved for pCO: and equation 12 
for VR, thus obtaining the ventilatory response to the postulated reflex stimulus in 
the absence of an increase in metabolism. The results are plotted in figure 5 together 
with the response in active exercise. Note that a reflex stimulus capable of increasing 
alveolar ventilation 500 per cent in active exercise could produce only a 20-per cent 
increase in passive exercise. This analysis illustrates the important principle that 
when a ventilatory stimulus operates in the absence of an increase in metabolism, its 
potency will be grossly underestimated unless the inhibitory effects of acapnia and 
alkalemia are considered. 

To summarize the foregoing considerations, analysis in terms of modern control 
theory has shown that neither nerve section experiments, vascular occlusion experi- 
ments, nor passive exercise experiments so far reported in the literature provide con- 
clusive identification of the pathway travelled by the unknown exercise stimulus. 


SEVERE EXERCISE AND LACTIC ACID ACIDOSIS 


So far our inquiry has been limited to moderate exercise in which ventilation is 
directly proportional to metabolism, arterial pCO, and [H*] remain unchanged, and 
no excess lactic acid accumulates in the blood. It has been shown that it is necessary 
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to postulate the existence of an exercise stimulus distinct from the familiar chemical 
agents, pCO2, H*, and pOs, in order to account for the hyperpnea. In addition, it has 
been demonstrated that this postulated stimulus most probably acts in an additive 
rather than in a multiplicative fashion, but that neither its nature nor the pathway 
over which it operates has yet been established. 

The question now arises whether or not this analysis can be extended, without 
major modification, to include severe exercise in which ventilation increases more 
rapidly than metabolism, the ventilatory equivalent rises progressively, arterial [H*] 
rises and pCOy falls, and lactic acid accumulates in increasing quantities. Is the as- 
sumption of an additive exercise stimulus equal in potency to MRR, together with a 
lactic acid acidosis, sufficient to account for the behavior of ventilation, H+, and 
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Fig. 5. (Left) ANALysis of ventilatory response to ‘passive exercise.’ Curve A = observed 
curve for active exercise: curve B = predicted curve for passive exercise. 
Fig. 6. (Right) RELATIONSHIP between blood lactate concentration and oxygen consumption 


in exercise. Data represent 76 observations on 13 subjects. The empirical curve conforms to the 
equation: La = 12.5 + 10{0.86 MR — 1.32), 


pCOsz, or must some entirely new mechanism be postulated? The following analysis 
is an attempt to answer this question. 


Let us assume, as we did for moderate exercise, that an exercise stimulus of un- 
known nature but of known potency, i.e. equal to MRR, operates in an additive 
fashion in severe as well as in moderate exercise. If we assume further that arterial 
pO: remains in an inactive range at all levels of work intensity (21, 29), the stimulus 
equation defining VR as a function of MRR and arterial pCO, and H? is: 


VR = 0,22H* + 0.262 pCO: + MRR — 19, (21) 
and combining this with the ventilation equation, equation 3, we obtain: 


40 MRR 
pCO, 


= 0.22H* + 0.262 pCO, + MRR — 10. (22) 


Equation 22 contains the 3 variables, MRR, H* and pCO. . If the relationship between 
H* and pCO, were known at given levels of MRR, this equation could be reduced to 
2 unknowns and thus allow the value of pCO, to be calculated for any given value of 
MRR. This is simply a generalization of the procedure, already employed in moderate 
exercise, to include severe exercise in which a metabolic acidosis occurs. After having 
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thus obtained the value of pCO», corresponding values of H* and VR could readily 
be calculated. Hence, the first problem is to find an appropriate relationship between 
H* and for substitution into equation 22. 

If we assume the oxygen capacity® and saturation® of arterial blood remains at 
the resting value at all levels of exercise, the relationship between pCO, and Ht is 
given by the following form of the ‘CO, buffer equation’ (21): 


1.6 BHCOs (4) — 32.8 
53-3 


pCO, = H* E log H+ — 1.85 + (23) 
Equation 23 defines a family of curves which relate pCO, and H* for bloods of various 
bicarbonate capacities. The quantity, BHCOs3«o, is defined as the bicarbonate con- 
tent of oxygenated true plasma at the standard pCO: of 40 mm. Hg. The average 
normal value for BHCOs3qo) in man is 54.9 volume per cent, and it decreases when 
metabolic acidosis develops. Since the degree of metabolic acidosis in exercise is a 
function of the metabolic rate, it is necessary to determine the relationship between 
BHCO3 40) and MRR. For this purpose, one can utilize data available in the literature 
giving blood lactate concentrations at various intensities of exercise. 

When blood lactate levels are plotted against oxygen consumption, the data 
scatter widely depending upon the state of training of the subjects as well as the type 
of work performed (13, 14, 28, 33, 40-47). If we use only data for leg exercise obtained 
on trained subjects, the scatter is considerably reduced as shown in figure 6. The 
points represent some 76 observations on 13 subjects reported from 5 different labora- 
tories. Most of the determinations were made during a steady state of exercise with 
the use of finger tip blood (28, 46, 47). A few were done on venous blood (41) and 
some were taken immediately after work (44). Despite considerable scatter, the data 
show an obvious exponential trend. The curve drawn through the experimental 
points was fitted empirically and conforms to the following equation: 


Lz = 12.5 + 100-345 MR — 1.33 (24) 


where Lz is whole blood lactate in milligrams per cent and MR is oxygen consump- 
tion in 1/minute, STPD. Although the question of whether or not blood lactic acid 
actually reaches a constant value in exercise is still disputed (46), we shall assume 
that equation 24 closely approximates the blood lactate level during a steady state of 
exercise. 

In order to utilize these values, it is first necessary to convert them into their 
corresponding concentrations in plasma. This conversion is complicated by the fact 
that the distribution ratio of lactate between cells and serum appears to vary as a 
function of several factors including the lactate level itself, pCO2, H* and oxygen 
saturation. Moreover, there is, as previously noted, some increase in the proportion of 
red cells to serum during exercise. However, the use of a constant conversion factor 
of 1.28 will introduce an error of less than + 5 per cent (34, 40, 48-51). Using this 
factor, we can write for plasma lactate in milligrams per cent, Lp: 


Lp = 1.28 (12.5 + 10-845 MB — 1.82) (25) 


5 This is not strictly correct. Some hemoconcentration occurs in exercise (38, 39) and possibly 
a slight fall in arterial oxygen saturation (29). The error thus introduced is negligible. 
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Taking resting oxygen consumption as 250 cc/minute, and letting ALp represent the 
increment in plasma lactate above its resting value, equation 25 may be written: 


ALp = 1.28 (10%214 (MRR) — 1.26) | (26) 


If this equation is multiplied by 0.247, plasma lactate increment in milligrams per 


cent, Alp, will be converted into its bicarbonate equivalent in volume per cent, 
ABHCO;: 


ABHCO; = 0.316 (10%-214 (MRR) — 1.26) (27) 


Equation 27 enables one to calculate the excess plasma lactate, expressed in terms of 
volume per cent bicarbonate equivalent, at any given MRR in exercise. 
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Fig. 7. (Left) RELATIONSHIP between arterial (or alveolar) pCO». and metabolic rate ratio in 
exercise. — = predicted relationship; - = experimental data (200 observations on 20 subjects). 

Fig. 8. (Right) RELATIONSHIP between arterial [H*] and metabolic rate ratio in exercise. 
— = predicted relationship; - = experimental data (15 subjects). 


Let us next assume that during exercise, the bicarbonate capacity, BHCOsv40), 
is reduced by an amount equivalent to the excess lactate which accumulates. That this 
is true for blood lactate levels up to about 70 mg. per cent is indicated by the data 
of Turrell and Robinson (52). We can then write for the value of BHCOg 4) during 
exercise: 


BHCOs«0) = 54.9 — 0.316 (10%-2!4 (MRR) — 1.26) | (28) 


which is the relationship required. Finally, substituting this value for BHCOg,40) into 
equation 23, we obtain: 
55-1 — 0.506 (10 


0.214 (MRR) — 1.26 
pCOz = 146 log Ht — 1.85 + | (29) 


Equation 29 thus provides the required relationship between pCO, and H* at 
various values of MRR for substitution into equation 22. In practice, the use of equa- 
tion 29 is extremely awkward, but it is so nearly linear that for practical purposes it 
is possible to employ a linear approximation equation of the form: 


Ht = apCO, + b. (30) 
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Thus, for any assumed value of MRR, a linear approximation equation can be ob- 
tained by solving equation 29 at two points. Equation 22 can now be written: 


40 MRR 
pCo, 


= 0.22 (apCO. + b) + 0.262 pCO2. + MRR — 10. (31) 


The value of the constants, a and 8, will, of course, depend on the value of MRR. 

We are now in a position to predict the behavior of ventilation, arterial COs, 
and arterial H* in both moderate and severe exercise on the assumptions: 1) that 
breathing is controlled by an exercise stimulus of potency equal to MRR acting in 
addition to the chemical agents pCO, and H*; and 2) that the rising ventilatory 
equivalent and arterial [H*] together with the falling arterial pCO. observed in severe 
exercise are caused by a lactic acid acidosis superimposed upon the normally operat- 
ing exercise stimulus. 

Referring to figure 1, we note that the plotted points represent 611 observations 
on 86 human subjects taken from the literature (9-20) showing the relationship be- 
tween pulmonary ventilation and oxygen consumption in exercise. The curve drawn 
through the experimental points was calculated in the manner previously described. 
It is apparent that the theoretical curve is in excellent agreement with the experi- 
mental data. In calculating the curve, VR and MRR values were translated into ab- 
solute terms by assuming a resting ventilation of 6 1/minute, BTPS, at an oxygen 
consumption of 250 cc/minute, STPD. Again, it should be pointed out that calcula- 
tions refer to alveolar ventilation and that they will exactly predict total ventilation 
only when the former remains a constant fraction of the latter. 

In figure 7 data are plotted representing some 200 observations on 20 normal 
human subjects taken from the literature (10-13, 26-28, 30-32) showing the rela- 
tionship between arterial or alveolar pCO, and oxygen consumption in exercise. 
Despite considerable scatter, the data show that pCO, remains essentially unchanged 
during moderate exercise and then falls off rapidly during severe exercise. The curve 
drawn through the experimental points was calculated in the manner already de- 
scribed. Again, in the case of pCOs, theoretical predictions are in excellent agree- 
ment with experimental observations. It is to be noted that the predicted curve in 
this case involves no assumption regarding the relationship of alveolar and total 
ventilation. 

Finally, in figure 8 are plotted dataon 15 normal human subjects taken from the 
literature (12, 30, 31, 33, 34) showing the relationship between arterial [H*] and 
oxygen consumption during exercise. The curve drawn through the data was cal- 
culated as already described. The data are much less abundant than those describing 
ventilation and pCOz, and it is not possible to make a satisfactory quantitative com- 
parison with the predicted curve. Qualitatively, however, the data do appear to 
follow the theoretical curve. More adequate information on this point is needed. 

To summarize this section, our analysis has now been extended to include severe 
as well as moderate exercise. On the assumptions 1) that ventilation in exercise is 
controlled by an exercise stimulus of potency equal to MRR acting additively with 
the chemical agents, pCO, and H*; and 2) that the rising ventilatory equivalent and 
arterial [H*] together with the falling arterial pCO. observed in severe exercise are 


| 
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caused by a lactic acid acidosis superimposed upon the normally operating exercise 
stimulus, the behavior of ventilation, arterial pCO, and arterial [H+], have been 
predicted for both moderate and severe exercise and the predictions compared with 
experimental data taken from the literature. The agreement is excellent in the case 
of ventilation and pCO,. Data available on H* is inadequate for a satisfactory com- 
parison. We shall conclude from these results that our 2 assumptions are probably 
adequate to account for the regulation of breathing in both moderate and severe 
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exercise. It is important to note that the successful predictions of this section provide 
further strong support for an additive rather than a multiplicative mode of action of 
the exercise stimulus. 


NATURE OF THE EXERCISE STIMULUS 


Our analysis has demonstrated the probable existence, potency and mode of 
action of a so-called exercise stimulus. Currently available information allows no 
conclusions concerning the pathway through which it acts nor its ultimate nature. 
In regard to the latter, certain unexplored possibilities would seem to merit careful 
study. 

Since the potency of the stimulus is directly proportional to the metabolic rate, 
one might inquire whether or not there is any known factor capable of stimulating 
breathing which also varies directly with oxygen consumption during exercise. One 
such factor is body temperature. Thus, it is well known, at least qualitatively, that 
a rise in body temperature is accompanied by an increase in breathing (53-57). It 
is also known that body temperature rises in exercise (58, 59), and moreover, the 
steady state level of rectal temperature reached in exercise is a linear function of 
oxygen consumption (59). The role of temperature in the hyperpnea of exercise has 
been minimized (8) because of the fact that ventilation reaches a steady state within 
10 to 15 minutes, whereas 40 to 60 minutes are required for rectal temperature to reach 
a steady state (59). This neglects the possibility that the effective temperature is 
that of the working muscles themselves or of the blood, both of which would be ex- 
pected to rise more rapidly and attain a steady state sooner than the rectal tempera- 
ture. 
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If temperature were a factor, how could it be determined whether or not its 
potency as a respiratory stimulus was adequate to account for the hyperpnea of ex- 
ercise? On the assumption that temperature is the exercise stimulus, it is possible 
with the aid of the multiple factor theory to deduce the necessary relationship be- 
tween temperature and ventilation in the absence of exercise. The following addi- 
tional assumptions are made. 1) Rectal temperature in the steady state is a measure 
of the effective stimulus whatever its ultimate mechanism of operation might be; 
2) the stimulus acts in an additive fashion; and 3) the temperature stimulus exerts 
the same partial effect at rest as in exercise. Under these conditions, the appropriate 
stimulus equation is equation 21. From data reported by Nielsen (59), the relation- 
ship between steady-state rectal temperature, T, and metabolic rate in exercise can 
be written: 


T = 0.15 MRR + 36.85, (32) 
and solving for MRR: 
MRR = 6.66T — 245, (33) 
and substituting in equation 21: 
VR = 0.22H* + 0.262 pCO2 + 6.66T — 264. (34) 


Equation 34 is the stimulus equation describing the sum of the partial effects of H*, 
pCO: and temperature on ventilation in exercise on the basis of the foregoing assump- 
tions. If body temperature is raised at rest, and we assume that no metabolic acidosis 
occurs, equation 34 can be written: 


VR = 0.4 pCOz + 6.667 — 261. (35) 


The effect of ventilation and metabolic rate on pCO, is given by the ventilation 
equation, equation 3. If body temperature is raised at rest, the metabolic rate in- 
creases approximately 12.5 per cent for each degree centigrade (60, 61). Hence: 


MRR = 1 + 0.125 (T — 36.85), (36) 
and substituting in equation 3 and solving for VR: 


ST — 144 
VR (37) 


Finally, equations 35 and 37 may be equated to eliminate VR and obtain: 
0.4 pCO? + (6.66T — 261) pCO2 — 57 + 144 = ©. (38) 


For assumed values of 7, equation 38 can be solved for pCO and equation 37 for VR, 
thus obtaining the relationship between body temperature and alveolar ventilation 
at rest. The results of such calculations are plotted in figure 9. 

Unfortunately, there are no adequate data in the literature with which these 
predictions may be compared. The points plotted in figure 9 represent observations 
on 5 subjects reported from 3 different sources (53, 54, 56) in which body tempera- 
ture was raised by immersion in a hot bath. The data are of questionable significance 
because steady-state conditions were not observed, the rate of change of temperature 
varied, and many of the data are beyond the range attained even in severe exercise 
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(59). They appear to indicate, however, that the potency of temperature as a re- 
spiratory stimulant is considerably less than that demanded by our hypothesis. 
Several other reports are in the literature dealing with the effects of artificial fever 
on blood acid-base balance (55, 57, 62, 63), but they cannot be utilized because the 
data are either incomplete, or refer to venous blood, or both. More adequate data 
are needed for proper evaluation of the role of temperature in the hyperpnea of ex- 
ercise. 
SUMMARY 


The multiple factor theory has been applied to an analysis of the regulation 
of breathing in exercise. It was demonstrated that it is necessary to postulate the 
existence of an exercise stimulus of potency equal to the metabolic rate ratio and dis- 
tinct from the arterial chemical agents, pCO2, H* and Oz, in order to account for 
the ventilatory response. It was further shown that the stimulus probably acts in an 
additive rather than in a multiplicative fashion. This stimulus, together with a lactic 
acid acidosis, appears to be adequate to account for the hyperpnea of both moderate 
and severe exercise. 

Further analysis revealed that information so far available in the literature per- 
mits no conclusion regarding either the nature of the exercise stimulus nor the path- 
way through which it operates. The inability of these studies to provide satisfactory 
answers is primarily because of their failure to consider all of the many factors con- 
cerned in the regulation of breathing. The multiple factor theory, by providing a 
method of analysis in which the influence of three of these factors can be quantita- 
tively accounted for, permits a more accurate evaluation of the role of additional 
factors. The usefulness of this method of approach in studies designed to identify 
the nature of the exercise stimulus and/or the pathway through which it operates 
has been demonstrated. 

It is hoped that this analysis will be of some value not only in the reinterpretation 
of previous investigations, but also in the design and interpretation of the many 
future experiments which are urgently needed to provide a satisfactory solution to 
the problem of exercise hyperpnea. 
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